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Abstract 
Nanoparticle-Containing Hybrid in Polymer Electrolyte Membranes Using Holographic 
Polymerization 
Brittany L. Gallagher 
Dr. Christopher Y. Li 
 
 
The demand for efficient energy storage will continue to grow as limited energy 
resources are depleted and the use of mobile technologies increases. Lithium-ion batteries 
have emerged as an important energy storage alternative, but the use of volatile and 
flammable liquid electrolytes in commercial applications hinders the safety of these 
batteries. Liquid electrolytes do not prevent the growth of lithium dendrites, which are 
the main cause of battery failure in current devices. Solid polymer electrolytes with high 
mechanical properties have been researched to prevent lithium dendrite growth, but 
increasing mechanical integrity has a direct tradeoff of reducing ion transport and 
conductivity. The outstanding challenge in the field of polymer electrolytes is to 
simultaneously maximize both ionic conductivity and mechanical strength without 
sacrificing either property. 
This research is focused on developing an improved solid polymer electrolyte for 
lithium batteries which offers a combination of high conductivity and mechanical 
properties. Holographic polymerization was used to pattern silica nanoparticles into 
polymer electrolyte membranes with segregated acrylate and electrolyte domains. 
Nanoparticles were incorporated to improve the mechanical strength of the acrylate 
domain and to enhance the conductivity of the electrolyte. Holographic polymerization 
was utilized for long-range, defect-free, nanosize morphological control. Two optical 
setups were used to fabricate gratings with the layers aligned both perpendicular and 
parallel to the film. The distribution of the nanoparticles in the layers was investigated, in 
xvi 
addition to their impact on conductivity, mechanical properties, and morphology. It was 
found that the composite electrolytes exhibited an increase in both ionic conductivity and 
Young’s modulus. The use of holographic polymerization offers an exciting alternative to 
produce composite polymer electrolytes with independently tunable properties for use in 
lithium-ion batteries.  
 
 
1 
Chapter 1.  Introduction 
 
As the world’s energy demands grow, the risks associated with current energy 
sources will intensify. These risks include the depletion of non-renewable resources such 
as oil and coal, as well as the rise in dangerous CO2 emissions. The level of CO2 
emissions has almost doubled from 1970 to 2005, which has led to disconcerting climate 
changes [1]. As an alternative, renewable energy sources such as wind and solar power 
plants have been investigated. However, these alternatives are intermittent energy sources 
and not continuously available. Efficient and reliable energy storage systems are required 
to compensate for the intermittency of renewable energy sources. Furthermore, energy 
storage systems are also critical for a wide variety of mobile applications in today’s 
technology-driven world, including transportation, portable electronics, aerospace, and 
medical devices. To address these needs, electrochemical systems such as batteries, 
supercapacitors, and fuel cells have been investigated. Specifically, batteries are of 
significant interest to improve the reliability and performance of mobile applications.  
There are two main types of batteries: primary, or non-rechargeable batteries such as 
Zn-MnO2, and secondary, or rechargeable, batteries such as lead-acid and Ni-Cd [2]. 
While primary batteries have a higher energy density, there has been a shift to secondary 
batteries for mobile applications due to decreased cost and increased convenience. Of the 
existing secondary battery technologies, lithium-ion batteries have received a 
considerable amount of attention because of their high energy density, small size, and 
low weight. Figure 1.1 compares the various secondary battery technologies in terms of 
gravimetric and volumetric energy density, with lithium-technology being among the 
2 
highest in each category. Specifically, lithium is the lightest metal at 6.94 g/mol, and is 
the most electropositive at -3.04 V compared to the standard hydrogen electrode [3]. 
 
 
Figure 1.1: Comparison of secondary battery technologies in terms of gravimetric and volumetric 
energy density [3] 
 
 
 
Batteries, including lithium-ion, are composed of three parts: a positive and negative 
electrode and an electrolyte. The negative electrode, or anode, is the site of oxidation 
from which electrons flow during discharging. Contrastingly, a reduction reaction occurs 
at the positive electrode, or cathode, during the discharge cycle. The electrodes are 
separated by an electrolyte, which allows ions to transfer from one side to the other. The 
reactions that occur at the electrodes produce an electrical current to power the portable 
devices that are connected to the battery.  
Lithium-ion batteries were first commercialized by Sony in 1991, and have been the 
focus of much research aimed to achieve higher energy densities and improve lifetime, 
cycle durability, and safety [2]. While developments to any one of the three main battery 
3 
components will improve its performance, this research is aimed to enhance the 
electrolyte. Two important features of an electrolyte that influence battery performance 
are conductivity and mechanical properties. For practical applications, the desired room 
temperature conductivity of electrolytes should be on the order of 10
-4
 to 10
-3
 S/cm [4]. In 
commercially available lithium-ion batteries, a liquid electrolyte is commonly used. 
These liquid electrolytes are generally composed of a lithium salt dissolved in an organic 
solvent. Such electrolytes are used because the liquid medium allows for ions to flow 
quickly and easily, which produces a high conductivity. However, there are several 
drawbacks to safety and performance associated with liquid electrolytes. The commonly 
used electrolyte system of LiFP6 and an organic carbonate solvent has a narrow stability 
domain which restricts the use of high voltage cathodes [1]. In addition, these liquid 
electrolytes are volatile and flammable, which poses significant safety concerns. The 
liquid electrolytes may also leak, and because they have to be kept in a sealed container, 
the shape of such batteries is greatly limited. It is very dangerous for these electrolytes to 
leak because they are hazardous to humans and the environment. Finally, liquid 
electrolytes offer poor mechanical properties which cannot prevent the growth of lithium 
dendrites during battery cycling. Dendrites form when lithium is unevenly deposited on 
the anode, forming nanoscale protrusions which grow as the battery is cycled [1]. When 
dendrites grow large enough to connect the two electrodes, a short circuit occurs and the 
battery may ignite or explode. As an alternative, solid polymer electrolytes with high 
mechanical properties have been extensively researched to prevent dendrite growth and 
improve safety. 
4 
This research is focused on developing an improved solid polymer electrolyte for 
lithium-ion batteries which offers a combination of high conductivity and mechanical 
properties as an alternative to liquid electrolytes. Specifically, the incorporation of 
ceramic fillers and their effect on conductivity and mechanical properties will be 
investigated. The subsequent chapters of this work focus on the effects of nanoparticle 
incorporation on the electrochemical and physical properties of polymer electrolyte 
membranes. A review of recent developments in polymer electrolyte systems is given in 
Chapter 2. Chapter 3 discusses the materials and methods used to fabricate the solid 
polymer electrolyte created for this work. A discussion of the nanoparticles used in this 
work and their effect on conductivity is presented in Chapter 4. In Chapter 5, the impact 
of nanoparticles on the morphology and ionic conductivity of polymer electrolyte 
membranes is explored using various methods. The influence of the nanoparticles on the 
mechanical properties of polymer electrolyte membranes is then discussed in Chapter 6. 
Finally, the conclusions and proposed future work are summarized in Chapter 7. 
5 
Chapter 2.  Background 
 
Lithium-ion batteries were first researched in the 1960s and 1970s to address the 
energy crises and oil shortage as well as the growing interest in energy storage for mobile 
applications [5]. Lithium-ion batteries offer several advantages over lead-acid and Ni-Cd, 
including higher energy density, longer cycle life, slower self-discharge, and lighter 
weight. As previously discussed, lithium-ion batteries consist of three main parts, 
including an anode, cathode, and electrolyte. A schematic of a typical lithium ion battery 
is shown in Figure 2.1. This image depicts a conventional lithium-ion battery with a 
graphite anode (gray hexagons), a lithium cobalt oxide cathode (brown circles) and a 
liquid electrolyte (orange) containing lithium ions (green circles) [6].  
 
 
 
Figure 2.1: Schematic of a typical lithium-ion battery [6] 
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Because the electrolytes in conventional lithium-ion batteries are liquid, their 
mechanical properties are expectedly low. When lithium dendrites begin to form, the 
liquid electrolyte does nothing to hinder their growth and prevent short circuiting and 
potential explosions. The severity of this problem was demonstrated in 2013 when two 
Boeing 787 Dreamliners experienced in-flight fires due to lithium-ion battery failures [7]. 
Ultimately, all Boeing 787 Dreamliners were indefinitely grounded because of safety 
concerns caused by the battery failures. It is suspected that lithium dendrites formed and 
caused the batteries to short circuit and catch fire. Not only were these occurrences 
extremely dangerous, but they also cost Boeing and the airlines a tremendous amount of 
money and tarnished their reputations.   
Improving the mechanical properties of the electrolyte is a common approach to 
inhibit the growth of lithium dendrites. Simulations performed by Monroe and Newman 
predicted that dendrite growth can be inhibited by a rigid electrolyte with a shear 
modulus of 6 GPa [8]. Experimentation based on this prediction confirmed that 
improving the mechanical properties of the electrolyte can inhibit dendrite formation and 
prolong the lifetime of a battery [9]. Figure 2.2 shows these results in the form of 
electrolyte lifespan as a function of storage modulus. It was demonstrated that the total 
charge passed before the dendrite short was observed (Cd) increased from a number of 
days for pure polyethylene oxide (PEO) to a few months for polystyrene-block-
polyethylene oxide block copolymer electrolytes with higher moduli [9].  
The use of polymer batteries for increased safety and performance has been a 
growing topic of research since 1973 when Fenton et al. first observed that PEO is 
capable of complexing with sodium and potassium salts [10]. The applicability of this 
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phenomenon was realized a few years later when Armand et al. reported the use of 
PEO/salt complexes for polymer electrolytes [11]. Since then, several forms of polymer 
electrolytes have emerged, including polymer gels, polyolefin membranes, and solid 
polymer systems, including composites. Figure 2.3 shows a comparison of these systems 
for lithium-ion batteries. Other metal-ion battery systems have also been researched, 
including sodium, potassium, and zinc, but none as extensively as lithium-ion.  
 
 
Figure 2.2: Electrolyte lifespan measured by the total charge passed before a dendrite short was 
observed (Cd) as a function of storage modulus for PEO electrolytes (squares) and polystyrene-
block-polyethylene oxide (SEO) block copolymers (diamonds) [9] 
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Figure 2.3: Schematic representations of three types of polymer electrolyte networks. (a) Dry 
solid polymer consisting of entangled chains, the motion of which assists the movement of Li 
ions (red circles). (b) Gel polymer network comprised of a semicrystalline polymer, whose 
amorphous regions are swollen with a liquid electrolyte, and crystalline regions, which improve 
the mechanical properties. (c) A polyolefin membrane in which the liquid electrolyte is contained 
by capillaries [3] 
 
 
 
2.1 Polymer Electrolyte Membranes 
The most commonly investigated polymer electrolyte membrane for lithium-ion 
batteries is a mixture of PEO and lithium salts [12]. In this system, the polar oxygen in 
the backbone of PEO can coordinate with lithium ions and assist in ionic transport. The 
lithium ions diffuse by the reptation of the PEO chains, and cation transport is described 
as the movement of the lithium between oxygen complexation sites caused by the 
segmental motion of PEO [13]. Figure 2.4 depicts the diffusion of lithium ions in a PEO 
matrix via segmental motion. 
The electrolyte membrane in a polymer battery must have high ionic conductivity 
and mechanical stability to maximize performance. In addition to PEO, other polymers 
that have been investigated for membrane materials include polyacrylonitrile (PAN) and 
polyvinylidene fluoride (PVDF) [14]. These flexible materials offer high ionic 
conductivity, but little to no mechanical stability. To enhance the mechanical properties 
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of the membrane, soft polymers are often crosslinked or blended with stronger materials. 
Another method to improve mechanical properties is to use a more robust polymer such 
as poly(methyl methacrylate) (PMMA) or polyvinyl chloride (PVC). However, these 
methods create a stiff or glassy polymer matrix, and the consequence for improved 
mechanical strength is slower ion transport.  
 
 
Figure 2.4: Schematic representation of the segmental motion assisted diffusion of lithium ions in 
a PEO matrix, where the circles represent ether oxygen in the backbone of PEO [13] 
 
 
One straightforward method to prepare a solid state polymer electrolyte membrane is 
to create a crosslinked homogeneous matrix. An early report of this method occurred 
soon after Fenton and Armand pioneered polymer electrolytes, when Watanabe et al. 
crosslinked poly(propylene oxide) (PPO) films containing dissolved lithium salts [15]. 
The authors investigated the ionic conductivity of PPO films with different lithium salts, 
including LiBF4, LiClO4, and LiSCN. In this experiment, PPO with a molecular weight 
of 3000 g/mol was crosslinked with tolylene-2,4-diisocyanate and the resulting films 
were infiltrated with lithium salt. The observed conductivity ranged from 10
-9
 to 10
-5
 
S/cm for temperatures ranging from -10 to 110˚C. Because the phases for mechanical 
stability and ion conduction co-existed in the same volume, there was no separation of 
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the properties and each was directly impacted by the other. The higher crosslinking 
density increased the modulus but caused the ionic conductivity to drop.  
The effect of crosslink density on ionic conductivity was further investigated by 
Kang et al. for a solid polymer electrolyte composed of poly(ethylene glycol) dimethyl 
ether (PEGDME), an acrylate end-caped polysiloxane crosslinker, and lithium 
trifluoromethanesulfonate (LiCF3SO3) [16]. It was found that a high crosslinking density, 
or a shorter main chain length, was required to produce films with high dimensional 
stability. However, as the main chain length decreased, the conductivity of the films 
decreased due to a lower degree of freedom for polymer segmental motion. These results 
are shown in Figure 2.5, where x is the main chain length, or number of repeating units of 
the main chain, and y is the side chain ethylene oxide length [16]. The conductivity was 
found to increase as the length and flexibility of the main chain increased. The 
conductivity also increased when the repeat units of ethylene oxide increased, as this 
improved the segmental motion. 
Fabricating a polymer electrolyte with high conductivity or strong mechanical 
properties is straightforward, but encompassing both requirements is much more 
complicated. Therefore, the outstanding challenge in the field of polymer electrolyte 
membranes is to simultaneously maximize both ionic conductivity and mechanical 
strength without sacrificing either property. Two current approaches to decouple these 
properties include the use of block copolymers as electrolytes or the incorporation of 
ceramic fillers.  
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Figure 2.5: Change in ionic conductivity at 30˚C for different main chain (x) and ethylene oxide 
side chain (y) lengths [16] 
 
 
2.2 Block Copolymer Electrolytes 
Block copolymers have emerged as a promising candidate in the field of polymer 
electrolytes because they offer a variety of tunable morphologies that can be used to 
decouple electrochemical and mechanical properties. The phase separation inherent to 
block copolymer systems allows for the components to self-assemble into well-defined 
nanostructures. In these structured electrolytes, the rigid phase is designated for 
mechanical integrity, and the softer phase provides segregated pathways for ions to 
migrate. In early studies, both blocks were generally soft, or rubbery, with low glass 
transition temperatures. Sadoway and Mayes studied several systems of this nature, 
including one with a conducting block of poly(oxy-ethylene) methacrylate (POEM) and a 
second block of poly(lauryl methacrylate) (PLMA) [17]. Both polymers are viscous 
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liquids at room temperature with low glass transition temperatures of -60˚C and -123˚C 
for POEM and PDMS, respectively. However, at room temperature, the resulting block 
copolymer PEOM-b-PDMS is a rubbery solid with phase separated lamellar domains. 
The POEM block was doped with LiCF3SO3 to create a block copolymer electrolyte. This 
configuration allowed the electrolyte to be a solid film but still support the liquid-like 
mobility of lithium ions in the PEO block. Conductivity measurements confirmed that the 
phase separated configuration maintained fast ionic conduction very similar to that of the 
liquid POEM homopolymer. Figure 2.6 depicts these results, where the conductivity of 
the POEM-b-PDMS solid electrolyte is close to the values obtained for the liquid POEM 
homopolymer. Therefore, the electrolyte gained mechanical stability without sacrificing 
conductivity. 
Researchers have also investigated the possibility of replacing the rubbery block with 
a more robust glassy block to improve the electrolyte modulus without sacrificing the 
conductivity. One such configuration consists of polystyrene (PS) as the rigid phase and 
PEO as the ion conducting phase. Singh et al. investigated the relationship between ionic 
conductivity and the morphology of the polymer electrolytes in a system of PS-block-
PEO (SEO) and Li[N(SO2CF3)2] (LiTFSI) [18]. Figure 2.7 shows TEM images of the 
SEO copolymer composed of varied molecular weight blocks. The images show that the 
preferred morphology changes with different molecular weights. 
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Figure 2.6: Temperature dependence of conductivity of PEOM-b-PDMS (70:30) block copolymer 
and liquid PEOM homopolymer. Each contained LiCF3SO3 at a Li:EO ratio of 1:20 [17] 
 
 
 
 
 
Figure 2.7: TEM micrographs of SEO(xx-yy) copolymer electrolytes with varied molecular 
weight blocks, where xx and yy are the molecular weights of PS and PEO, respectively: (a): 
lamellar morphology of SEO(16-16), (b) hexagonally perforated lamellar morphology of 
SEO(36-25), (c) hexagonally perforated lamellar morphology of SEO(40-31), (d) lamellar 
morphology of SEO(40-54), and (e) lamellar morphology of SEO(74-98) [18] 
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The authors first varied the salt content in the block copolymer electrolytes to 
determine the ratio needed for the highest conductivity. They investigated ratios of 0.02 
to 0.10 of lithium ions to ethylene oxide moieties, r, and found that as the ratio increased, 
the conductivity increased to a maximum and then decreased due to transient crosslinking 
of the polymer chains. These results are shown in Figure 2.8, where the ideal ratio was 
found to be between 0.06 and 0.08. Next, the authors investigated the impact of the 
molecular weight of PEO on the conductivity of the electrolytes at a fixed value of 
r=0.02. Interestingly, the observed trends were opposite to what is seen in homogeneous 
PEO/salt electrolytes. Generally, the conductivity of such mixtures decreases with 
increasing molecular weight. However, the block copolymer electrolytes exhibited an 
increase in conductivity with molecular weight of PEO, and showed no signs of reaching 
a plateau or decreasing in the range of molecular weights studied. These results are 
shown in Figure 2.9, where it is seen that the conductivity is higher for samples with 
higher molecular weight. 
The authors rationalized that the increase in conductivity with molecular weight was 
due to an increase in the concentration of dissociated ions. In this system, the PS-PEO 
interfacial area per unit volume decreases with increasing molecular weight, and the 
interfaces become more defined at higher molecular weights due to improved segregation 
between the blocks. These factors lead to an increase in the concentration of dissociated 
ions. The authors also suggested that the increase in conductivity could be due to an 
increase in lithium diffusion. It is known that the lithium ions coordinate with ether 
oxygen in PEO, and a disruption of this coordination could result in the faster transport of 
lithium ions. In the block copolymer system, the phase separation and self-assembly 
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could change the conformation of the PEO chains, which would alter the coordination 
and facilitate the movement of lithium. 
 
 
 
Figure 2.8: Ionic conductivity versus salt content, r, from 0.02 to 0.10 for SEO(36-25) at different 
temperatures [18] 
 
 
 
Figure 2.9: Ionic conductivity versus molecular weight of PEO for SEO/salt mixtures with r=0.02 
at various temperatures [18] 
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The storage (G′) and loss shear moduli (G′′) of the block copolymers electrolytes 
were also investigated to determine the impact of the PS block on mechanical properties. 
From the result, the authors characterized the electrolytes as elastic solids. They found 
that the addition of salt to the electrolytes had no detrimental effect on mechanical 
properties. The value of G′ was measured to be 100 times larger for SEO(36-25) than for 
the pure PEO. In Figure 2.10, the frequency dependence of G′ and G′′ is given for various 
samples. It was ultimately found that the shear modulus of the polymer electrolyte 
increased by several orders of magnitude with almost no sacrifice to the conductivity. 
Therefore, the mechanical and electrochemical properties were successfully decoupled. 
 
 
 
 
Figure 2.10: Frequency, ω, dependence of the (a) storage modulus, G′, and (b) loss modulus, G′′,  
of SEO copolymers at with varied molecular weights of PEO and PS blocks [18] 
 
 
 
2.3 Ceramic Fillers 
The incorporation of nanoscale ceramic fillers is another technique that has been 
investigated to simultaneously improve the electrochemical and mechanical properties of 
polymer electrolytes. Electrolytes with ceramic fillers are generally called composite 
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polymer electrolytes to address the inclusion of more than one unique component. The 
rationale behind the use of fillers is that the particles provide a solid-like support matrix 
that improves the mechanical properties of the film without crosslinking the polymer, 
which allows it to maintain its liquid-like characteristics and fast ionic conduction [19]. 
Such fillers have been shown to improve the ionic conductivity, mechanical stability, and 
interfacial activity of polymer electrolytes. Ceramic fillers have been classified into two 
broad categories: active and passive [20]. Active fillers contain components that 
participate in the conduction process, such as Li2N and LiAl2O3. In comparison, inactive 
fillers are materials that are not involved in the lithium transport process, including 
Al2O3, TiO2, SiO2, and MgO.  
There have been significant debates and contradictory reports regarding if and why 
ceramic particles can improve the conductivity of polymer electrolytes [5]. The following 
section will address both sides of the debate and review accounts of inorganic 
nanoparticles both enhancing and hindering ionic conductivity. The effect of ceramic 
fillers on the mechanical properties of polymer electrolytes will also be reviewed. Fillers 
such as Al2O3, TiO2, and SiO2 have been proven to enhance mechanical strength by 
increasing the stiffness of the polymer matrix, thereby decoupling the mechanical and 
electrochemical properties [5].  
 
2.3.1 Impact of Fillers on Conductivity 
In common PEO/lithium salt electrolytes, the ambient temperature conductivity is 
too low for practical applications at 10
-7
 to 10
-6
 S/cm [20,21]. This is because such 
systems typically use a high molecular weight PEO, which crystallizes below 60˚C, while 
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an amorphous phase is necessary for fast ionic transport. Therefore, the conductivity of 
these electrolytes reaches useful values in the range of 10
-4
 S/cm only at elevated 
temperatures of 60-80˚C [4]. Significant effort has been devoted to lower the operational 
temperature of PEO/lithium salt electrolytes. One approach has been to add liquid 
plasticizers, which enhance the ambient temperature conductivity but sacrifice the 
mechanical integrity of the films and promote corrosive reactivity of the polymer 
electrolyte with the metal electrode. Instead, Croce et al. was one of the first groups to 
successfully incorporate a solid plasticizer to increase the room temperature conductivity 
of polymer electrolytes [4]. Two main advantages in using solid plasticizers over liquids 
are that the mechanical properties of the electrolyte are not compromised and the 
potential for dangerous leaks is eliminated.  
In the work performed by Croce et al., 5.8 nm Al2O3 and 13 nm TiO2 nanoparticles 
were used to produce composite polymer electrolytes with LiClO4 and PEO. The 
nanoparticles and salt were first dispersed in acetonitrile, then mixed with PEO and cast 
into membranes with an average thickness of 100µm. The amount of filler was fixed at 
10 weight percent (wt.%) of the total PEO and LiClO4 weight [4]. To evaluate the effect 
of the fillers, the membranes were subjected to heating and cooling scans in a range of 
approximately 20-120˚C and the conductivity was measured using impedance 
spectroscopy. Figure 2.11 shows the results of the measured conductivity versus inverse 
temperature for the undoped samples compared to the samples with ceramic 
nanoparticles. For the undoped sample, the transition from the crystalline to amorphous 
state of PEO was observed around 60˚C. A similar but less drastic trend of discontinuity 
is observed for the Al2O3 nanocomposite electrolyte in the first heating scan, but does not 
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occur during the following cooling scan. The samples with nanoparticles also exhibit 
higher conductivity, with TiO2 producing a higher conductivity than Al2O3. Between 30-
80˚C, the conductivity of the ceramic-free electrolytes ranged from 10-8 to 10-4 S/cm, 
while the conductivity of the composite electrolytes was between 10
-5
 to 10
-3
 S/cm [4].  
 
 
Figure 2.11: Arrhenius plots of the conductivity of ceramic-free and nanocomposite PEO-LiClO4 
with 10 wt.% TiO2 or 10 wt.% Al2O3 [4] 
 
 
 
Croce et al. predicted two mechanisms for the observed behavior of the 
nanocomposites. First, they used differential scanning calorimetry (DSC) to conclude that 
the nanoparticles inhibit the recrystallization kinetics of PEO, which allows the 
membranes to retain their amorphous state at room temperature. The DSC results for the 
nanocomposites revealed no recrystallization peaks in the cooling scan from 110˚C, or in 
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the subsequent heating scans performed after the sample remained at room temperature 
for several days. This confirmed that the nanocomposites remained in the amorphous 
phase at room temperature.  
Second, the authors concluded that Lewis acid-base interactions caused by the 
nanoparticles were enhancing the mobility of the lithium ions, thereby increasing the 
conductivity. They rationalized this idea by measuring the lithium-ion transference 
number, which is the fraction of current transported by the lithium cations. In previous 
reports, this value was in the range of 0.2-0.3, indicating that more current was 
transported by the X
-
 anions from the LiX salt. Using two independent methods, they 
measured the lithium-ion transference number of the nanocomposites with 10 weight 
percent TiO2 to be on the order of 0.6 in the 45-90˚C temperature range. The authors 
proposed that the nanoparticles provide an acidic surface that competes with the acidic 
lithium cations to form complexes with the basic oxygen on the PEO backbone. This 
allows the nanoparticles to act as crosslinking sites, which promotes preferential transport 
routes for the lithium cations at the nanoparticle surface, and explains the improvement in 
conductivity and lithium-ion transference number. Figure 2.12 shows a schematic from 
Croce et al. that depicts the Lewis acid-base interactions that occur in the presence of 
acidic nanoparticles with surface OH groups. The OH groups interact with the lithium 
salt anion and the PEO segments via hydrogen bonding. This promotes structural 
modifications of the PEO chains and increases the lithium transference number and ionic 
conductivity. Acidic oxides exhibit a larger increase in conductivity than basic oxides due 
to their ability to interact with the anions and produce more mobile lithium cations. 
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Figure 2.12: Schematic of the surface interactions between an acidic Al2O3 nanoparticle and the 
PEO-LiTFSI polymer matrix [22] 
 
 
 
Additional studies have reported observations of ceramic fillers enhancing the 
conductivity of polymer electrolytes. Several explanations for the observed increase in 
conductivity, including factors that influence the changes, have been offered. For 
example, Wieczorek et al. investigated the effect of α-Al2O3 fillers on low molecular 
weight poly(ethylene glycol) (PEG) electrolytes and determined that the ionic 
conductivity enhancement corresponded to decreasing viscosity and ion aggregates [23]. 
These authors, among others, have demonstrated that the ion-polymer and ion-ion 
interactions are modified by the incorporation of ceramic fillers [23, 24]. In this particular 
system, the electrolyte was composed of low molecular weight PEG, LiClO4, and 10 
wt.% α-Al2O3. The conductivity was determined using impedance spectroscopy, the 
flexibility of the polymer chains was evaluated by measuring the viscosity, and ion-
polymer and ion-ion interactions were studied using Fourier transform infrared 
spectroscopy (FTIR). For samples with salt concentrations up to 0.5 mol/kg, the α-Al2O3 
did not have a significant impact on the conductivity, but for samples with salt 
concentrations up to 3 mol/kg, the conductivity was higher when α-Al2O3 was added. 
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Rheology studies determined that at low salt concentrations, the viscosity of the system 
increased by approximately 50% after the addition of α-Al2O3. At high salt 
concentrations, the viscosity of the electrolytes with α-Al2O3 was an order of magnitude 
lower. Therefore, the change in viscosity directly impacted the conductivity. These 
results are depicted in Figure 2.13.  
 
 
 
Figure 2.13: Viscosity (η) as a function of salt concentration for PEG-LiClO4 electrolytes (open 
circles) and PEG-LiClO4-α-Al2O3 electrolytes (solid circles) [23] 
 
 
FTIR studies were performed to investigate the changes in intensity of the peaks for 
C-O-C and ClO4
-
 vibrations, which are characteristic of ion-polymer and ion-ion 
interactions [23]. An example of the observed spectra is shown in Figure 2.14, where the 
C-O-C and ClO4
-
 stretching vibrations occur at 1100 cm
-1
 and 625 cm
-1
, respectively. 
From these results, the authors found that the ion-polymer interactions were weaker for 
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the PEG-LiClO4-α-Al2O3 electrolytes in the salt concentration range from 0.5-3 mol/kg, 
indicating a reduction in the transient crosslink density. This corresponded with higher 
conductivity and lower viscosity than the electrolytes without fillers in the same range. 
The FTIR studies also revealed a decrease in the fraction of ion aggregates over the same 
salt concentration range. Ultimately, the authors concluded that the addition of the filler 
particles induced Lewis acid-base interactions which changed the ion-polymer and ion-
ion interactions. These changes directly affected the viscosity and polymer chain 
mobility, and ultimately influenced the conductivity enhancement.  
In another attempt to determine the mechanism of conductivity enhancement with 
filler addition, Chung et al. used NMR to evaluate the effect of fillers on the segmental 
motion of polymer chains [25]. They studied a system of PEO and LiClO4, with three 
different fillers, including 11 nm TiO2, 5.8 nm Al2O3, and 7 nm SiO2. They found that the 
lithium transference numbers and conductivity of the composites were higher than their 
pure counterparts. Just as Croce et al. observed, the samples with fillers did not exhibit a 
break in the Arrhenius plots at the PEO crystallization temperature, indicating that the 
fillers prevented PEO chain reorganization and promoted faster ionic transport. However, 
the authors wanted to explain why the conducted enhancement was observed above the 
crystallization temperature when the polymer electrolyte is already amorphous by nature 
and therefore unaffected by the fillers’ influence on chain reorganization. They chose to 
use NMR measurements to confirm the Lewis acid-base interactions that are thought to 
be responsible for the increase in conductivity. The authors compared the NMR spectra 
of polymer electrolytes with and without nanoparticles and found that those with 
nanoparticles exhibited a slight increase in polymer segmental motion, but an order of 
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magnitude increase in lithium-ion diffusivity. They determined that the observed 
conductivity enhancement was therefore caused by a weakening of the interaction 
between the polyether oxygen of PEO and the lithium cation which was induced by the 
Lewis acid-base interactions. 
 
 
 
Figure 2.14: FTIR spectra for PEG-LiClO4-α-Al2O3 electrolytes at 25˚C for samples of various 
LiClO4 concentrations: (a) 0.01 mol/kg, (b) 0.25 mol/kg, and (c) 2 mol/kg [23] 
 
Much of the research for this topic has focused on the incorporation of nanosize 
fillers because the electrochemical performance of the polymer electrolytes is expected to 
increase with decreasing filler size. This is due to the smaller particle sizes having more 
interfacial surface area which enhances the interaction with the polymer matrix. Krawiec 
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et al. investigated the influence of nanosize Al2O3 on ionic conductivity compared to 
micrometer-size particles and found that the increase was much greater for the smaller 
particles [26]. They studied films composed of 400,000 molecular weight PEO and 
lithium tetrafluoroborate (LiBF4) with Al2O3 of particle size 10 µm and 13 nm. Figure 
2.15 summarizes the effect of different sizes and loadings of Al2O3 on ionic conductivity. 
The results revealed that the composite electrolytes with 10 wt.% nanosize Al2O3 allowed 
for the greatest increase in conductivity over the undoped samples. Furthermore, the 
conductivity measured for the 10 wt.% nanosize Al2O3 were one order of magnitude 
higher than the values obtained for the samples with 10 wt.% microsize Al2O3. It was 
also observed that the samples with lower nanoparticle loadings exhibited a larger 
increase in conductivity than samples with higher loadings. 
Many groups have addressed the dependence of conductivity on the concentration of 
ceramic fillers in the polymer electrolyte. Systems that have exhibited an increase in 
conductivity with the addition of nanoparticles generally included between 2.5-15 wt.% 
of filler with respect to the electrolyte [21]. At concentrations above 20%, it has been 
observed that the nanoparticles form non-conducting regions of aggregates which lower 
the bulk conductivity of the polymer electrolyte [27, 28]. One such observation is shown 
in Figure 2.16, where the normalized conductivity increases with the addition of 10 wt.% 
filler, but decreases with 20-30 wt.% [28]. This may be due to the formation of 
agglomerations at high loadings which block the movement of ions.  
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Figure 2.15: Ionic conductivity versus inverse temperature for (PEO)8LiBF4 polymer electrolytes 
with various compositions of Al2O3: 0 wt.% Al2O3 (solid black circles), 5 wt.% nanosize Al2O3 
(solid black triangles), 10 wt.% nanosize Al2O3 (hollow squares), 20 wt.% nanosize Al2O3 (solid 
black diamonds), 30 wt.% nanosize Al2O3 (X), and 10 wt.% microsize Al2O3 (+) [26] 
 
 
 
In contradictory reports, some authors found no change in electrochemical properties 
with the addition of inorganic fillers. In one example, Shin et al. studied composite 
electrolytes of PEO and LiN(SO2CF2CF3)2 with 10 wt.% of either 7nm SiO2 or 12 nm γ-
LiAlO2 [29]. They evaluated the electrochemical and interfacial properties of the films 
using ac impedance, linear sweep voltammetry, and galvanostatic experiments. They 
found that the electrochemical stability window for samples with fillers was slightly 
increased, but the limiting current density decreased. Also, the samples with 
nanoparticles exhibited higher interfacial resistance and instability. 
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Figure 2.16: Change in normalized conductivity with weight percent of filler in a polymer 
electrolyte composed of PEO, LiClO4, and γ-LiAlO2 [28] 
 
 
 
One point of debate for the validity of observed conductivity enhancement with 
organic fillers is the moisture content in the electrolytes. It has been shown that the 
conductivity of polymer electrolytes is noticeably higher when water is present in the 
system [26,30,31]. To quantify the effect of moisture on conductivity, Hashmi et al. 
investigated polymer electrolytes composed of PEO with various salts, including NaClO4, 
Mg(ClO4)2, and NH2ClO4 [30]. The authors compared samples exposed to low relative 
humidity between 7-10% and high relative humidity between 75-80%. The samples with 
high relative humidity exhibited a substantial increase in conductivity compared to those 
with low relative humidity, as shown in Figure 2.17.  
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Figure 2.17: Change in room temperature (26˚C) conductivity of polymer electrolyte films as a 
function of relative humidity for (a) high concentration of NaClO4, (b) low concentration of 
NaClO4, (c) low concentration of  NH4ClO4 and (d) high concentration of NH4ClO4 in PEO [30] 
 
 
 
Despite debates over the effect of ceramic fillers on the conductivity of polymer 
electrolytes, the evidence for conductivity enhancement is substantial. To address the 
debates and determine the true effect of fillers, it is important that researchers are diligent 
in keeping all materials and samples in a dry atmosphere. The surface OH groups on 
particles are capable of absorbing water from the air, as are the polymer electrolyte films. 
The electrolytes should be evaluated under water-free conditions to eliminate the impact 
from moisture and confirm the role of fillers on conductivity enhancement. 
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2.3.2 Impact of Fillers on Mechanical Properties 
The idea of adding inert fillers to polymer electrolytes to improve their mechanical 
properties was first introduced by Weston and Steele in 1982 [19,32]. They investigated 
the effects of adding α-Al2O3 particles to PEO and lithium perchlorate and found that 
while the conductivity change was minimal, the mechanical stability improved 
considerably. Films with 10 vol.% filler showed no signs of creep up to 120˚C. They also 
experienced minimal deformation after 300 hours of cycling at 128˚C. Samples without 
fillers could not be evaluated above 110˚C because they were not mechanically stable. At 
110˚C the samples with α-Al2O3 particles showed no evidence of creep, while the 
samples without particles exhibited substantial creep. 
As discussed previously, increasing the mechanical properties with fillers may also 
inhibit dendrite formation across the electrolyte and increase the lifetime of lithium-ion 
batteries. Improving the membrane modulus with ceramic fillers is a potential way to 
prevent dendrite growth. However, few studies have reported the cycling behavior and 
dendrite formation of composite polymer electrolytes with ceramic fillers [20]. Liu et al. 
investigated the effect of SiO2 nanoparticles on dendrite growth in polymer electrolytes 
composed of PEO and LiTFSI [33]. They studied two types of SiO2, including bare 
nanoparticles and acid-modified nanoparticles. They prepared symmetrical cells with 
lithium metal and performed in situ experiments to examine the formation and evolution 
of dendrites. The onset time of dendrite growth (t0) and the short-circuit time (ts) were 
monitored at current densities of 0.1, 0.25, 0.5 and 1.0 mAcm
-2
. Table 2.1 summarizes the 
results, which show that both t0 and ts improve with the addition of nanoparticles. At 
lower current densities, the effect of the nanoparticles was much more substantial and 
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significantly increased the lifetime of the cells. In all tests, the acid-modified SiO2 was 
more successful at preventing dendrite growth due to lowering the interfacial resistance. 
The nanoparticles increased the conductivity of the membranes and significantly reduced 
the interfacial resistance of the lithium symmetric cells. Figure 2.18 depicts the dendrite 
growth in the cells as a function of time and shows that after 20 hours, the cell without 
SiO2 was short-circuited by dendrite formation, while the samples with SiO2 show 
minimal dendrite growth. Ultimately, the addition of nanoparticles was successful in 
preventing dendrite growth and prolonging the life of the cells. 
 
Table 2.1: Onset (t0) and short-circuit (ts) times for lithium dendrite formation in a polymer 
electrolyte composed of PEO and LiTFSI [33] 
 
 
 
 
Figure 2.18: Dendrite growth in lithium symmetric cell at 60˚C and 0.5 mAcm-2 for (a) PEO-
LiTFSI electrolyte with no nanoparticles after 20 hours, (b) PEO-LiTFSI electrolyte with SiO2 
after 25 hours and (c) PEO-LiTFSI electrolyte with acid modified SiO2 after 25 hours, where Li 
represents the lithium metal and P represents the polymer electrolyte [33] 
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Nanoparticles have also been added to block copolymer electrolytes to improve the 
mechanical stability and prevent dendrite growth. Gurevitch et al. investigated the impact 
of surface-modified TiO2 on the properties of symmetric polystyrene-block-poly(ethylene 
oxide) (SEO) and LiTFSI [31]. Several loadings studied, and it was found that the 
lamellar morphology became increasingly disordered and eventually non-existent as TiO2 
loading increased from 0 to 27.9 wt.%. The higher loadings also produced 
agglomerations and small voids. Tensile testing revealed that the Young’s modulus was 
maximized at approximately 17.4 wt.% of TiO2. However, the ductility of the samples 
with higher loadings was significantly diminished, as depicted in Figure 2.19. To 
evaluate the impact of the nanoparticles on dendrite growth, Cd was measured for various 
SEO/LiTFSI/TiO2 cells and it was found to substantially increase up to 25 wt.% TiO2, 
after which it dropped presumably due to the change in morphology, as shown in Figure 
2.20. Overall, the addition of TiO2 was successful in inhibiting lithium dendrite growth. 
 
 
 
Figure 2.19: Room temperature tensile stress-strain curves of SEO/LiTFSI electrolyte with 
various loadings of TiO2 [31] 
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Figure 2.20: Total charge passed to short circuit (Cd) for SEO/LiTFSI electrolyte with various 
loadings of TiO2 [31] 
 
 
 
2.4 Restrictions in Current Configurations 
Table 2.2 summarizes the conductivity and mechanical enhancement for select 
electrolyte systems with block copolymers and ceramic nanoparticles. Although these 
methods have been shown to improve the electrochemical and mechanical properties of 
polymer electrolytes, each approach has several shortcomings that prevent it from large-
scale use. Block copolymers lack long-range order and are hindered by high defect 
content and complex phase structures. They also suffer from low room temperature 
conductivity. Ceramic fillers are difficult to disperse, and they easily form aggregates 
which decrease the performance of electrolytes.  Some groups have tried to modify the 
surface of nanoparticles to control their dispersion ability, but this can result in a loss of 
the Lewis acid-base interactions and conductivity [21]. Furthermore, the impact of 
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nanoparticles on mechanical and electrochemical properties is inversely related. The 
mechanical performance increases with increasing nanoparticle concentration, but there 
exists a maximum amount of nanoparticles that can be added before the conductivity 
suffers. Therefore, there is still a need for a technique that will offer long-range, defect-
free, nanosize morphological control to independently yet simultaneously improve the 
electrochemical and mechanical properties of polymer electrolytes. 
 
Table 2.2: Summary of conductivity, modulus, and dendrite resistance for polymer electrolytes  
 
Sample 
Preparation 
method 
Temp 
(˚C) 
Conductivity 
(S/cm) 
Modulus 
(MPa) 
Cd 
(C/cm
2
) 
Ref. 
PEO(360)  Homopolymer 25 N/A
 
0.373 60 [9] 
SEO(40-54) Block 
copolymer 
25 N/A
 
33.5 200 [9] 
SEO/LiTFSI/   
T-0 
Block 
copolymer  
90 5.0 * 10
-4 
360 374 [31] 
SEO/LiTFSI/   
T-11.5 
Block 
copolymer 
with TiO2 
90 2.0 * 10
-4 
900 1064 [31] 
 
 
2.5 Holographic Polymerization 
Fabricating polymer electrolyte membranes with controllable nanostructures may be 
the key to independently regulating their mechanical strength and ionic conductivity. 
Holographic polymerization (HP) is a technique used to polymerize a photoresist 
according to an interference pattern [34].  During the HP process, a homogeneous 
photopolymerizable mixture is exposed to two or more coherent laser beams whose 
interference causes a standing wave pattern. Within the interference pattern, regions of 
higher intensity experience faster polymerization leading to phase separation. This 
technique can produce 1D, 2D, and 3D defect-free, periodic structures with long-range 
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order and excellent nanoscale morphological control [35]. Figure 2.21 shows a schematic 
of the HP process, where the homogeneous mixture of a photoresin and photoinert 
material is exposed to an interference pattern, which induces local anisotropic diffusion 
and forms a grating structure. HP structures have been utilized in many interesting 
applications, including displays, sensors, and memory storage devices [34]. HP has also 
been used to pattern numerous soft material systems, including nanoparticles and liquid 
crystals. Recently, HP was used to develop polymer electrolyte membranes with a 
tunable-ion pathway for use in electrochemical devices.  
 
 
 
Figure 2.21: Schematic of the holographic polymerization process, during which a 
photopolymerizable mixture is exposed to a laser interference pattern. With time, a grating is 
formed by the anisotropic diffusion of the photoresist (blue) and photoinert (red) materials [34] 
 
 
2.6 Holographic Polymer Electrolyte Membranes 
The HP technique has been applied to create holographic polymer electrolyte 
membranes (hPEMs) with long-range controlled-ion pathways [35, 36]. In these systems, 
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a mixture of electrolyte and photo-initiating monomer is exposed to an interference 
pattern and the photopolymerizable resin diffuses into the area of constructive 
interference, which forces the non-reactive electrolyte into areas of destructive 
interference. In pioneering work, Smith et al. developed hPEMs using an electrolyte of 
400 molecular weight PEO and LiTFSI at a salt weight percent of 25%, which 
corresponded to a lithium-ion to ethylene oxide ratio of 1:19 [35]. The 
photopolymerizable monomer in the system was Norland 65.  
Two optical setups, transmission and reflection, were employed to obtain two 
different lamellar nanostructures in which the layers were either parallel or perpendicular 
to the hPEM surface. Using electrochemical impedance spectroscopy (EIS), the 
conductivity of the hPEMs was evaluated for a range of electrolyte contents. In-plane and 
through-plane measurements were obtained using the electrode configurations shown in 
Figure 2.22. It was found that the conductivity measured perpendicular to the layers was 
lower because the resin layers acted as nonconducting barriers. The separation of the 
nanoscale layers generated anisotropic conductivity as high as 37 at 40% electrolyte 
volume. Furthermore, the conductivity increased with increasing electrolyte content up to 
45%, and then plateaued. The highest reported conductivity was 1.93x10
-5 
S/cm at a 
volume percentage of 45%. These results are shown in Figure 2.22.  
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Figure 2.22: Room temperature conductivity versus electrolyte content in hPEMs for in-plane 
(transmission) and through-plane (reflection) measurements, and isotropic samples (iPEMs) with 
no holographic patterning. The inset shows the change in anisotropy with electrolyte content [35] 
 
The differences between the in-plane and through-plane conductivity were correlated 
with the morphology of the films, which was dependent on the ratio between the 
electrolyte and the resin. TEM micrographs were obtained to evaluate the morphology of 
the hPEMs, as shown in Figure 2.23. Phase separation between the electrolyte and resin 
layers was seen in all samples and a morphological evolution was observed. At low 
electrolyte loadings, the electrolyte formed nanosized droplets which were aligned into 
layers that alternated with the resin. As the electrolyte content increased, a “brick and 
mortar-like” structure of electrolyte blocks was observed. This structure also exhibited 
“cross talk” between adjacent layers, which connects the electrolyte layers and correlates 
with a decrease in through-plane conductivity. At the highest electrolyte loadings, the 
structure was poorly defined due to a change in the polymerization and diffusion kinetics 
and only large-scale phase separation could be seen. 
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Figure 2.23: TEM micrographs of hPEM reflection gratings (a-c) and transmission gratings (d-f) 
at various electrolyte loadings, and schematics of hPEM cross sections (g-i) with light and dark 
blue regions of resin and electrolyte regions, respectively [35] 
 
 
2.7 Holographically Patterned Nanoparticles 
The HP technique has been used to pattern nanoparticles and control their 
distribution in the nanoscale layers. The ability to holographically direct the assembly of 
nanoparticles has been demonstrated with many materials and sizes. However, it remains 
a challenge to efficiently and entirely control the spatial distribution of materials in 
specific domains. Some of the materials that have been assembled using HP include 
titania, zirconia, silica, gold, and polystyrene [34]. In all cases, the same process was used 
to pattern the materials. A homogeneous photopolymerizable mixture was composed of 
nanoparticles, monomer, and photoinitiator. The mixture was exposed to an interference 
pattern, and the subsequent process was the same as that of HP without nanoparticles. In 
the regions of high intensity, the photoinitiator formed radicals which initiate 
polymerization of the monomers. As the concentration of monomers decreases due to 
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polymerization, there is a net flux of unreacted monomers into that region. This forces the 
unreactive nanoparticles out of that region into areas of low intensity. The movement of 
the monomers towards regions of constructive interference, and the flux of nanoparticles 
towards areas of destructive interference causes a spatial distribution of nanoparticles that 
occurs with time, as shown in Figure 2.24.   
The distribution of nanoparticles into the areas of destructive interference has been 
confirmed by phase shift measurements and TEM observations [37,38]. In the phase shift 
measurement, the time evolution of the refractive index modulation was observed during 
the HP process by Suzuki and Tomita [37]. They investigated three systems: one without 
nanoparticles and two with nanoparticles. In the sample without nanoparticles, a 
methacrylate monomer [2-methyl-acrylic acid 2-[4-[2-(2-methyl-acryloyloxy)-
ethylsulfanylmethyl]-benzylsulfanyl]-ethyl ester] and a photoinitiator (Irgacure 784) were 
combined. In the samples with nanoparticles, the first included 35 vol.% of SiO2 with a 
diameter of 12 nm added to the same mixture of monomer and photoinitiator. In the 
second sample, 15 vol.% of TiO2 with a diameter of 15 nm was added to a different 
methacrylate monomer [2-methyl-acrylic acid 3-(2-methyl-acryloyloxymethy)-
octahydro-4,7-methanoinden-5-ylmethyl ester] and the same photoinitiator. In the first 
sample, the refractive index of the silica was lower than that of the monomer, while in the 
second sample the titania had a higher refractive index than the monomer. Each sample 
was cast onto glass and the thickness of the films was controlled by 50 µm spacers. 
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Figure 2.24: Spatial distribution of nanoparticles as a function of time when exposed to an 
interference pattern. Before exposure (time (t) = 0), the nanoparticles are homogeneously 
distributed in the sample. When exposed to light of varying intensity, the areas of constructive 
interference polymerize first and push the particles into areas of destructive interference (0 < t < 
t2). When photopolymerization ends, the nanoparticles are locked in the low intensity regions (t2 
= final) [38] 
 
Transmission gratings with a layer spacing of 1 µm were recorded using a two-beam 
setup with a wavelength of 532 nm. Measurements of the magnitude (Δn) and phase shift 
(Δф) of the refractive index modulation are shown in Figure 2.25. In each figure it is seen 
that in the first 50-200 seconds of exposure, the magnitude of the refractive index 
modulation increases due to the initial polymerization of the monomer molecules in the 
regions of low intensity. As time goes on, the monomer molecules that stay in the areas 
of low intensity will eventually polymerize, which causes the refractive index modulation 
to drop and then plateau. In the samples with nanoparticles, the refractive index does not 
drop after the initial increase due to the spatial modulation of the distributed 
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nanoparticles. As the monomers diffuse from low to high intensity regions, the 
nanoparticles simultaneously diffuse from the high to low intensity regions which causes 
Δn to remain constant. In all three samples, the phase shift remains relatively constant. 
The phase shift for the sample with SiO2 is approximately 0˚ because Δn is highest in the 
high intensity region, while the phase shift for the sample with TiO2 is approximately 
180˚ because Δn is highest in the low intensity region. The slight fluctuation in Δф may 
be attributed to small disturbances of the beam and sample, as a movement of a few 
nanometers would strongly influence the phase shift.  
The spatial distribution of nanoparticles has also been investigated using TEM. 
Busbee et al. studied the sequestration efficiency of bare and chemically functionalized 
silica nanoparticles in a system with holographic polymer-dispersed liquid crystals 
(HPDLC). The authors added nanoparticles to tailor the refractive index profile for 
optimized optical properties. To achieve this, the distribution of the nanoparticles had to 
be controlled to prevent them from migrating into the liquid-crystal phase. Three systems 
of liquid crystal, monomer, and silica were investigated, in which 20 nm SiO2 
nanoparticles were either bare or functionalized with pentyltriethoxysilane (PTES) or 
methacryloxypropyl-trimethoxysilane (MPTMS).  
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Figure 2.25: Change in refractive index modulation (Δn) and phase shift (Δф) with exposure time 
for samples with no nanoparticles (a), with SiO2 (b), and with TiO2 (b) [37] 
 
 
TEM images revealed that the bare nanoparticles sequestered with the liquid crystals 
into the low-intensity regions. However, when functionalized with PTES, the presence of 
alkyl chains rendered the nanoparticles hydrophobic, which prompted their attraction to 
the high-intensity polymeric domain away from the liquid-crystal region. The PTES-
functionalized silica aggregated due to unfavorable nanoparticle-polymer interactions, 
therefore MPTMS was introduced. The MPTMS covalently copolymerized with the 
acrylate monomer in the polymer region, causing the nanoparticles to become trapped in 
the matrix and avoid aggregation. These results are shown in Figure 2.26. It can be seen 
that the addition of bare nanoparticles significantly changes the morphology of the phase-
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separated droplets, indicating that they change the phase-separation behavior during 
polymerization. Furthermore, the sample with bare silica reveals that the bare 
nanoparticles were not entirely segregated into the liquid-crystal region. Instead, small 
agglomerations of nanoparticles were still present in the polymeric domain, signifying 
that only a portion of the silica was patterened into the low-intensity region. 
 
 
 
Figure 2.26: TEM images of HPDLCs with an acrylate-based polymer matrix and liquid crystal. 
These contain (a) no nanoparticles, (b) 10 wt.% unfunctionalized 20 nm SiO2, (c) 10 wt.% PTES-
functionalized 20 nm SiO2, and (d) 10 wt.% MPTMS-functionalized 20 nm SiO2 [38] 
 
To understand the mechanism of nanoparticle assembly, Juhl et al. studied the 
effects of exposure time, power density, nanoparticle size, and periodicity on the final 
holographic structure using TEM [39]. The photopolymerizable mixture contained two 
monomers  (pentaerythritol triacrylate and 1-vinyl-2-pyrrolidinone) and a photoinitiator. 
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Various loadings of silica nanoparticles with a particle size of 25 and 50 nm were 
incorporated into the mixture. Figure 2.27 shows TEM images of samples with 6.8, 12.8 
and 22.7 wt.% of 25 nm SiO2. Figure 2.27a reveals that at smaller loadings, the 
nanoparticles agglomerate and do not assemble into regions of destructive interference. 
This agrees with the TEM images obtained by Busbee et al., which also showed that 
agglomerations of nanoparticles do not sequester into the layers. For samples with higher 
loadings, the TEM images show a modulation of high and low silica concentrations, but 
the presence of nanoparticles is still not restricted to only one area. It is clear that there is 
a fraction of nanoparticles in areas of both constructive and destructive interference.  
The authors investigated if the mechanism for nanoparticle assembly was controlled 
by monomer transport or diffusion-limited mass transport by altering the nanoparticle 
size and concentration, as well as the laser power density and exposure time. They found 
that the exposure time and nanoparticle concentration did not have an effect on the final 
nanoparticle positions, but the exposure power density, grating periodicity, and 
nanoparticle size did. Therefore, they concluded that the nanoparticle movement was 
driven by diffusion-limited nanoparticle transport, or the transport of the particle away 
from the polymerization front, rather than the diffusion of the monomer into the 
polymerizing region. 
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Figure 2.27: TEM images of holographically polymerized samples containing (a) 6.8 wt.%, (b) 
12.8 wt.%, and (c) 22.7 wt. % 25 nm SiO2 nanoparticles [39] 
 
 
 
2.8 Problem Statement and Objective 
The demand for efficient energy storage methods continues to grow as limited 
resources are depleted and the use of mobile technologies increases. While lithium-ion 
batteries are a compelling option due to their high energy density, low maintenance, and 
long life cycle, advancements are still needed to improve their performance and safety. 
To achieve this, the currently commercialized liquid electrolytes may be replaced with 
solid polymer electrolytes to eliminate volatile and flammable organic solvents and to 
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prevent lithium dendrite growth. However, most solid polymer electrolytes previously 
proposed do not reach market standards due to low room temperature conductivity and a 
tradeoff between electrochemical and mechanical properties. 
The objective of this work is to create a polymer electrolyte membrane with high 
room temperature conductivity and mechanical stability without sacrificing either 
property. The approach to achieve this was to pattern silica nanoparticles into polymer 
electrolyte membranes with segregated acrylate and electrolyte domains using 
holographic polymerization. The goal of the nanoparticles was to improve the mechanical 
strength of the acrylate domain and to also enhance the conductivity of the electrolyte. 
Holographic polymerization was utilized for long range, defect free, nanosize 
morphological control.  
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Chapter 3.  Materials and Methods 
 
3.1 Materials 
The electrolyte materials for this work were chosen to be similar to the standard 
electrolyte that has been extensively researched in the field.  They were also chosen to be 
the same as what was studied for previous hPEM systems so the results could be 
compared.  Specifically, the electrolyte was composed of PEO and LiTFSI. The resin 
materials were also chosen based on what was used in former hPEM studies. Finally, the 
oxide nanoparticles were chosen to be a similar size, shape and material to what was used 
in previous polymer electrolytes to improve conductivity and mechanical properties, and 
to what has been successfully patterned by HP.  
 
3.1.1 Nanoparticles 
The nanoparticles used in this system were SiO2 with no surface modifications. 
Unmodified SiO2 has surface hydroxyl groups as shown in Figure 3.1. The nanoparticles 
were extracted from ORGANOSILICASOL, which is colloidal silica mono-dispersed in 
organic solvent that was obtained from Nissan Chemical. The nanoparticles were 
characterized as having a particle size of 10-15 nm, and were originally dispersed in 
isopropanol. Before use, the nanoparticles were extracted from the dispersion, washed, 
and dried. To extract the nanoparticles, the dispersion was destabilized by mixing with 
hexane at a weight ratio of 1:1.5 [40]. The nanoparticles were precipitated using a 
Thermo Scientific Sorvall ultracentrifuge at 8,000 RPM for 10 minutes. The precipitated 
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nanoparticles were collected, then washed and collected three additional times. They 
were then dried in a vacuum oven at room temperature for two weeks before use.  
 
 
 
Figure 3.1: Schematic of bare silica nanoparticle with surface OH groups 
 
 
 
3.1.2 Polymer Electrolyte Membranes 
The electrolyte and resin materials used in the hPEMs were based on the recipes 
developed by D. M. Smith [35, 41]. Both the electrolyte and resin materials were chosen 
for their ability to form a homogeneous liquid mixture with a viscosity low enough to 
facilitate diffusion of the materials during polymerization. The materials were also 
chosen for their ability to form an ordered lamellar structure. The electrolyte, or photo-
inert material, was composed of 400 g/mol PEO with LiTFSI at a salt content of 25 
weight percent, which corresponded to a lithium-ion to ethylene oxide ratio of 1:19. PEO 
and a solvated lithium salt have emerged as a standard for polymer electrolytes. LiTFSI is 
commonly chosen for its ability to dissolve in PEO and their combination has been found 
to have conductivities on the order of 10
-5
 to 10
-3
 S/cm depending on the molecular 
weight, ratio, and temperature [42]. Table 3.1 shows the chemical structures of the 
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electrolyte materials. Both materials were obtained from Sigma-Aldrich and used as 
received.  
 
Table 3.1: Chemical structures of materials used for electrolyte 
 
Material Name Chemical Structure 
Poly(ethylene oxide) 
 
 
Bis(trifluoromethane)sulfonimide 
lithium salt (LiTFSI) 
 
 
 
 
The polymerizable monomers chosen for the resin domain consisted of tris[2-
acryloyloxy ethyl] isocyanurate (TAEIC), pentaerythritol tetrakis (3-mercaptoprotionate) 
(PETMP), and bisphenol A ethoxylate diacrylate (BAED). These materials were added at 
a ratio of 1:1:1.54, or weight percentages of 28, 28, and 44%, respectively. The chemical 
structures of the resin materials are shown in Table 3.2. All of these materials were 
obtained from Sigma-Aldrich. A photoinitiator was also added at a weight percent of 
approximately 2%. The photoinitiator was Darocur 4265 from CIBA-Geigy Inc., shown 
in Figure 3.2. When exposed to UV-radiation, Darocur 4265 promotes the polymerization 
of the monomers to create a crosslinked acrylate resin. It was chosen specifically for its 
ability to respond to UV radiation at 363.8 nm from the laser used during the HP process. 
Each of these materials was used as received. 
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Table 3.2: Chemical structures of materials used for resin 
 
Material Name Chemical Structure 
Tris[2-acryloyloxy ethyl] 
isocyanurate (TAEIC) 
 
Pentaerythritol tetrakis (3-
mercaptoprotionate) (PETMP) 
 
Bisphenol A ethoxylate diacrylate 
(BAED) 
 
 
 
 
 
 
Figure 3.2: Chemical structure of Darocur 4265 photoinitiator 
 
 
 
3.2 Synthesis of Holographic Polymer Electrolyte Membranes 
To create the homogeneous photopolymerizable mixture necessary to fabricate 
hPEMs, a specific order of mixing was followed. The electrolyte solution was made by 
mixing LiTFSI in PEO at approximately 50˚C and stirring until the salt was completely 
dissolved. For samples with nanoparticles, the SiO2 was added to the electrolyte and 
stirred at approximately 50˚C until the largest agglomerations were broken apart. Then, 
the mixture was transferred to a Bransonic 8510 bath sonicator for 1 hour to break the 
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smaller agglomerations and create a uniform solution. Multiple weight percentages of 
nanoparticles were used, and each amount was measured relative to the electrolyte 
content. Separately, the BAED, which is a honey-like substance, was combined with the 
TAEIC, a solid, and stirred at approximately 50˚C until the mixture was homogeneous.  
To fabricate the hPEMs, glass slides were first washed with soap and water, and then 
again with acetone, to remove any substances or marks from the surface of the glass. The 
electrolyte and acrylate mixtures were then combined at the appropriate ratios with the 
photoinitiator and 23µm glass bead spacers, which were added to control the thickness of 
the films. This prepolymer syrup was mixed with a vortexer to ensure homogeneity and 
then clamped between two glass slides, which were exposed to a laser interference 
pattern to create a diffraction grating. Before exposing the prepolymer syrup to the 
interference pattern, the glass slides were coated with several drops of Cargille refractive 
index matching fluid for contact with the prism. The sample was then placed on the 
hypotenuse of the prism and exposed to the beam for 90 seconds. After fabrication, the 
samples were dried for at least two weeks in a vacuum oven at room temperature to 
ensure that no water was present before characterization. 
The diffraction gratings were produced using a Coherent Innova 308c argon ion laser 
with a wavelength of 363.8 nm and output power of 100-200 mW. A single beam was 
used in conjunction with two different optic setups to create structures with lamellae 
either parallel or perpendicular to the hPEM surface. Figure 3.3 shows the optic setups 
for the reflection and transmission gratings produced for this work. In the reflection 
configuration, the beam passes through the prism and the sample, and is then internally 
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reflected back through the prism. The interference pattern produces hPEMs with lamellae 
parallel to the hPEM surface.  
The reflection gratings are intriguing to study, but are impractical for use in a 
commercial battery because the electrolyte channels are perpendicular to the direction 
necessary for ion transport between a cathode and anode. Therefore, transmission 
gratings were also investigated. These are more realistic for use in a battery because the 
ion transport channels are perpendicular to the hPEM surface, and would therefore 
directly connect a cathode and an anode. For the transmission setup, the prism splits the 
single beam into two beams. The two beams converge on the sample and form an 
interference pattern, and then reflect back through the prism. To avoid any unwanted 
internal reflections of the beam that would alter the morphology, a second prism was 
positioned behind the sample to control the exit angle of the beam. In each configuration, 
the prisms were offset to control the incident angle of the beam, which determines the 
width of the interference pattern and therefore the lamellae spacing. In both the reflection 
and transmission setups, the optics were set so that the periodicity of the grating was 180 
nm.  
 
  
Figure 3.3: Schematic of optic setup for reflection and transmission hPEMs [35] 
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In addition to the aforementioned grating structures, PEMs with isotropic 
morphologies (iPEMs) were also fabricated. In iPEMs, the load-bearing resin and ionic 
conducting electrolyte share the same volume, and the nanoparticles are not preferentially 
distributed. These samples were made to characterize the effect of only the nanoparticles 
on conductivity without the added impact of ionic confinement in the nanochannels. 
Furthermore, the iPEM conductivity could be correlated with any change in the lamellar 
morphology of hPEMs that may be induced by the addition of nanoparticles. Figure 3.4 
gives a schematic representation of the isotropic, reflection, and transmission interference 
patterns and resulting grating structures in a model system of holographic polymer 
dispersed liquid crystals. 
 
 
 
Figure 3.4:Schematic of interference patterns and resulting structures for holographic polymer 
dispersed liquid crystals with (a) isotropic, (b) reflection and (c) transmission setups [34] 
 
 
3.3 Characterization Techniques 
Multiple different characterization techniques were employed to investigate the 
impact of the nanoparticles on the electrochemical, mechanical, and morphological 
properties of the hPEMs. When available, several techniques were used to confirm or 
53 
correlate results. The results collected from each technique were then related to previous 
research to compare the effects of the nanoparticles on the system. 
 
3.3.1 UV-Visible Spectroscopy 
After fabricating the reflection gratings, the first test performed for reflection 
samples was UV-visible spectroscopy (UV-Vis) because it is a quick and efficient way to 
check the quality of the films and their grating structure. To test the gratings, an Ocean 
Optics fiber optic spectrometer was used to measure transmission spectra in the range of 
450-750 nm. In this technique, visible light is passed through the sample and the 
transmission of light is detected. The refractive index mismatch between the photoactive 
and photoinert components produces a peak in the transmitted intensity that correlates to 
a periodic modulation of the materials. The observed peak in the spectra is called the 
diffraction efficiency (DE) and it indicates the quality of the phase separation and 
lamellar structure. The depth of the DE is directly proportional to the efficiency of the HP 
partitioning, or the concentration profiles of the crosslinked acrylate and electrolyte 
materials. A higher DE is obtained for gratings with a higher quality, well-defined 
periodic structure, and for samples with good phase separation. The width of the DE 
notch is also important, and broadening of the notch indicates poor phase separation 
between the electrolyte and resin materials. The morphology of the domains is indicated 
by a combination of the DE notch depth and width, in addition to the behavior of the 
spectra near the UV region. A “roll-off” in the spectra near 400 nm indicates a droplet 
structure rather than lamellae [36]. The lamellae periodicity can be determined using 
Bragg’s Law in Equation 3.1, which correlates the wavelength of the scattered light (λ), 
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the refractive index (n0), the angle of incident light (θ), and the periodicity of the grating 
(Λ). For this work, the angle of incident light was set to 90˚, and the resulting lamellae 
periodicity can be determined from Equation 3.2.   
 
λ = 2𝑛0Λ sin(θ)    (3.1) 
      Λ =
λ
2𝑛
     (3.2) 
 
3.3.2 UV Diffraction 
Due to the difference in lamellae direction for transmission gratings, UV-Vis was not 
an appropriate technique to characterize the quality of the transmission samples. Instead, 
UV diffraction was used to qualitatively observe the condition of the films. For this 
technique, the transmission grating was constrained in a substrate holder and positioned 
so that the lamellae were perpendicular to the table. The sample was then tilted to be at an 
angle of approximately 45˚ from the beam, which was parallel to the table. After 
positioning, the sample was irradiated with the Coherent Innova 308c argon ion laser 
which generated an array of diffraction spots. Figure 3.5 gives an example of a diffraction 
setup. The intensity of the diffraction orders (0
th
, ±1
st
, ±2
nd
, etc.) was dependent on the 
properties of the periodic structure, such as the sharpness of the profile, the periodicity of 
the grating, and the refractive index modulation of the materials [43]. The intensity of the 
spots was not determined, but the position of the spots was related to the grating 
periodicity using Equation 3.1, where the wavelength of the laser was 363.8 nm and the 
diffraction angle was measured from the experimental setup. For each sample, the 
distance from the sample to the observation wall and the distance between the diffraction 
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spots was measured to determine the diffraction angle according to the schematic in 
Figure 3.6.  
 
 
 
Figure 3.5: Schematic of UV diffraction experimental setup, adapted from [44] 
 
 
 
 
 
Figure 3.6: Transmission grating with incident (Iinc) and diffracted (Idiff) beams, where the 
diffracted beam is transmitted through the grating at an angle θ and the diffraction orders are 
recorded 
 
3.3.3 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is a sophisticated and versatile technique 
used to study the microstructure of materials with high spatial resolution. The operating 
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principals of TEM are related to light microscopy (LM) in that they both use an 
illumination source that is located at the top of the microscope. A condenser lens is 
located below the illumination source and above the sample, and is used to focus the 
beam. An objective lens is positioned below the sample and used to form the image, 
which is projected to a screen for TEM rather than an eyepiece for LM. The typical setup 
of a TEM compared to an LM is shown in Figure 3.7.  
TEM is capable of imaging complex details and features of a sample that are 
inaccessible by LM because it uses a high energy electron beam rather than visible light. 
Electrons have higher energies and shorter wavelengths than visible light, which allows 
for smaller structures to be resolved. The electrons are typically accelerated at 100-200 
kV, which allows for nanoscale resolution of 0.1 to 0.3 nm [45]. In the process, the 
electrons are emitted by an electron gun and illuminate the sample within a high-vacuum 
environment. The electrons interact with atoms in the sample and the transmitted 
electrons are detected to produce an image. A thin sample of 5-100 nm is typically 
required for a clear image, depending on the density and composition of the material and 
the desired resolution [45].   
For this work, a JEOL JEM 2100 TEM with an accelerating voltage of 200 keV and 
a LaB6 filament was used in bright field image mode to image the SiO2 nanoparticles and 
select hPEM films. The images were captured using a Gatan DDC camera and 
corresponding Digital Micrograph software. To prepare for imaging, the nanoparticles 
were dispersed in isopropanol at a concentration of .01 wt.% and sonicated with a Vibra-
cell VC130 probe sonicator for 20 minutes. This was done to break any potential 
agglomerations so that the obtained images would reveal individual particles. The 
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nanoparticle solution was deposited on TEM grids and dried at room temperature before 
imaging. 
Before preparing the hPEMs for TEM, each sample was inspected using UV-Vis. 
TEM was used to confirm the morphology hPEM films suggested by the UV-Vis spectra. 
The areas with the highest diffraction efficiency, and therefore the highest quality grating 
structure, were chosen for imaging. The free standing films were removed from the glass 
slides and cut using a razor blade. Each film was then removed and embedded into a two 
part Epofix cold hardening epoxy at a ratio of 3:26 parts by weight of hardener to 
monomer. The epoxy was allowed to sit for one hour to thicken, and then spread into a 
mold. The film was cut and placed into the mold and covered with an additional thin 
layer of epoxy.  The films were left to harden in the epoxy for two days and then sliced 
using a Leica EM UC6 Ultramicrotome and a glass blade, which cut the samples to a 
thickness of approximately 80nm. The cut samples were collected on TEM grids and 
stained to increase the contrast between the layers for imaging. The staining process was 
as follows: 0.5g of sodium periodate from SPI Supplies was added to12.5g of deionized 
water in a 20mL glass bottle and mixed in a sonication bath for 15 minutes. The solution 
was then transferred to a refrigerator for 15 minutes. After cooling, 0.075g of ruthenium 
(IV) oxide from SPI Supplies was added to the solution and the vial was enclosed in a 
separate container. The TEM grids containing the microtomed samples were sealed in the 
container with the staining solution for one hour and then removed. All materials were 
used as received.  
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3.3.4 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is another microscopy technique that enables 
the observation of small structures using electrons. SEM has a resolution of 0.5 to 4 nm, 
which is lower than that of TEM due to the wavelength of the electrons being longer 
because their accelerating voltage is lower [46]. SEM also utilizes a different source of 
electrons for imaging.  While TEM utilizes transmitted electrons to provide details of the 
structure and internal composition of samples, SEM uses backscattered and secondary 
electrons to visualize the morphology, topography, and contrast in the sample. Unlike 
TEM and LM, the sample in SEM is positioned below the condenser and objective 
lenses. SEM works by scanning the surface of the sample with a focused beam of high-
energy electrons. When the beam strikes the sample, the electrons interact with the atoms 
of the material and the electrons that are reflected or generated from the surface of the 
sample are detected and used to produce an image.  
In this work, a Zeiss Supra 50 VP SEM with an accelerating voltage of 1-3 keV was 
used to image the surface of hPEMs with and without nanoparticles. Only transmission 
hPEMs were observed because the layers are normal to the surface of the sample.  Before 
SEM observation, each sample had to be surface treated to allow for clean imaging. If the 
surface treatment procedure is not performed, the SEM results will show a featureless 
surface. This occurs because a thin layer of electrolyte collects on the surface of the films 
when they are removed from the glass slides. This layer covers the surface and fills the 
electrolyte channels, which makes them indistinguishable from the resin domains and 
therefore renders the surface featureless. To remove the electrolyte layer, the free 
standing films were removed from the glass slides and placed into a 20 mL vial of 
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deionized water for 10 seconds. Because the electrolyte is hydrophilic, it flows out of the 
film and into the water. Several different soaking times were investigated to find an 
appropriate procedure. If the film was not soaked long enough, the sample would still 
appear featureless or the features would be intermittent. If the film was soaked for too 
long, the mechanical integrity would be lost and the resin domains would begin to 
collapse. It was determined that 10 seconds was enough time to visualize continuous 
surface features without sacrificing the morphology of the hPEMs. Because the films are 
not conducting, they were sputter coated with platinum-palladium for 65 seconds using a 
Cressington 208HR sputter coater.   
 
 
Figure 3.7: Comparison of imaging modes and lenses in an optical light microscope compared to 
TEM and SEM [46] 
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3.3.5 Energy-dispersive X-ray Spectroscopy 
The spatial distribution of the nanoparticles in the electrolyte and acrylate domains 
of the hPEMs was investigated using energy-dispersive X-ray spectroscopy (EDS), which 
is a technique used for elemental analysis. EDS is commonly used in conjunction with 
SEM or TEM, as it uses the incoming electron beam to interact with the sample [47]. The 
high-energy radiation can ionize the atoms and eject an electron from an inner shell. To 
return to the ground state, an electron from a higher-energy outer shell will fill the vacant 
spot and release energy that is equal to the potential energy difference between the outer 
and inner shell. When this energy is in the form of an X-ray, it can be measured by a 
detector and used to identify the element from which it was emitted. The excess energy is 
unique for every atomic transition, and can therefore be used to determine the elements in 
a sample.   
An Oxford energy dispersive X-ray microanalysis detector was used with the Zeiss 
Supra 500VP SEM and an accelerating voltage of 4-4.5 keV to detect the presence of 
silicon in the hPEMs. Elemental mapping was performed to determine the location of 
silicon in the sample, and therefore the spatial distribution of the SiO2, as silicon is only 
present in the nanoparticles and not in any of the hPEM molecules. The sample 
preparation for EDS was the same as the procedure for SEM.  
 
3.3.6 Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy (EIS) was used to characterize the ionic 
conductivity of the hPEMs. EIS is a technique used to measure electrochemical systems 
and processes, and is commonly used to quantify the properties of ionic conducting 
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polymers and energy storage devices. EIS is also referred to as AC impedance 
spectroscopy because it is used to study the response of a system to the application of an 
AC (alternating current) signal. Specifically, impedance is the resistance of an electric 
circuit to an applied alternating current. When measuring impedance, the behavior of a 
system is influenced by multiple components, including the electrode-electrolyte 
interfaces and the bulk electrolyte properties. If the measurements of the test cell are 
performed with blocking electrodes, the behavior can be modeled by the equivalent 
circuit shown in Figure 3.8 [48, 49]. The use of blocking electrodes indicates that no 
charge is exchanged across the electrode-electrolyte interface. In this example, the charge 
transfer resistance (Rt) is a consequence of charges on the surface of the electrodes, the 
double-layer capacitance (Cdl) is from the accumulation of charged ions on the electrolyte 
side of the electrode-electrolyte interface, the Warburg impedance (W) is the impedance 
at the electrode-electrolyte interface, and the bulk solution resistance (Rb) is from the 
electrolyte [49]. This equivalent circuit may be used to explain the behavior seen in 
typical Nyquist, Bode, and Phase plots from this work. 
 
 
 
Figure 3.8: Equivalent circuit diagram for polymer electrolytes, where Rb, Rt, Cdl, and W are the 
bulk solution resistance, charge transfer resistance, double layer capacitance, and Warburg 
impedance, respectively 
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3.3.6.1 Nyquist, Bode, and Phase Plots 
A Nyquist plot depicts the imaginary resistance versus the real resistance of the 
sample and is used to determine the impedance. The typical semicircle shape of the 
Nyquist plot will vary depending on the kinetic-controlled and diffusion-controlled 
responses of the material. The Nyquist plot usually consists of two regions, including the 
semicircle at high frequency and a “tail” at low frequency. This behavior arises from the 
Warburg impedance, which is diffusion-based. The bulk resistance of the sample can be 
determined from the x-intercept of the semicircle, which is used to calculate ionic 
conductivity according to Equation 3.3, where L is the electrode separation, A is the 
cross-sectional area, and Rb is the bulk resistance. The electrode separation changes 
depending on the measurement technique. It is defined as the gap between electrodes for 
a 4-point probe measurement and the thickness of the polymer film for a 2-point probe 
measurement. These techniques will be discussed further in Section 3.3.6.2.  
For this work, the bulk resistance was determined from the intersection of the 
impedance data with the real axis of the Nyquist plot, also referred to as the touchdown 
point. When the semicircle reaches the x-axis, the sample is behaving as a resistor. Figure 
3.9 gives an example of a typical Nyquist plot observed in this work. The touchdown 
point was estimated using a circle fit function. The bulk resistance may also be 
determined by the high frequency plateau on the Bode plot, shown in Figure 3.10.  
 
𝜎 =
𝐿
𝑅𝑏𝐴
             (3.3) 
 
63 
 
 
Figure 3.9: Typical Nyquist plot semicircle with the touchdown point (a) estimated using a circle 
fit 
 
 
The Bode plot shows the magnitude of the real and imaginary resistances versus 
frequency. The regions of the Bode plot can be correlated with those in the Nyquist plot. 
If necessary, the bulk resistance of the electrolyte may be measured from the plateau of 
the real impedance curve in the Bode plot. The plateau occurs when the sample is 
behaving as a resistor. As the conductivity increases, the bulk resistance point will occur 
at higher frequency positions in both the Nyquist and Bode plots. Because the 
conductivity is high for many samples in this work, some of the Nyquist plots show only 
the tail and not the semicircle due to the limited frequency scan range.  
The phase plot depicts the phase lag versus frequency. The polymer electrolytes have 
both resistive and capacitive behavior, and the resulting phase plot represents that 
behavior. Figure 3.11 shows a phase plot that is typical for this work. Ideally, a perfect 
resistor would have a 0˚ phase lag and capacitor would have a 90˚ phase lag.  In polymer 
electrolytes, the behavior is resistive at high frequencies and slopes to capacitive at lower 
(a) 
64 
frequencies. The shift between 0 and 90˚ phase lag corresponds to the semicircle in the 
Nyquist plot, where resistive behavior begins when 0˚ phase lag and the semicircle tail 
begin. The magnitude of the shift and the frequency at which it occurs depends on the 
geometry of the cell and the conductive properties of the electrolyte.  
 
 
 
Figure 3.10: Typical Bode plot, where the plateau represents the bulk resistance of the sample 
 
 
 
 
Figure 3.11: Typical phase plot of phase lag versus frequency 
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For this work, the impedance was measured by applying an AC frequency sweep in 
the range of 0.1 Hz to 1 MHz and recording the response. All measurements were 
conducted using a Princeton Applied Research Parstat 2273 Potentiostat and 
accompanying PowerSuite software. From the data collected, Nyquist, Bode, and Bode 
phase plots were generated and used to calculate the ionic conductivity and examine the 
role of nanoparticles and morphology on ionic transport.  
 
 
3.3.6.2   Electrode configurations 
Two different electrode configurations were used to measure the conductivity of the 
hPEMs. A 2-point (2P) sandwich probe was used to measure the conductivity 
perpendicular and parallel to the electrolyte layers in the reflection and transmission 
hPEMs, respectively. Oppositely, a 4-point (4P) probe was used to measure the 
conductivity parallel and perpendicular to the electrolyte layers in the reflection and 
transmission hPEMs, respectively. Figure 3.4 shows a schematic of the 2P and 4P 
electrode configurations used to measure the conductivity of the reflection samples. For 
transmission samples, the direction of the layers is normal to the film surface, but the 
electrode configurations are the same. A custom-made cell was constructed to complete 
all conductivity measurements. The stainless steel electrodes were fit into molded PTFE 
slips and sandwiched in a steel casing. The surface of the 2P electrodes was flat and 
smooth to ensure good contact. Similarly, grooves were machined into the PTFE slip for 
the 4P electrodes to secure the wires and assure controlled geometry. A liquid cell was 
also constructed to test the pure electrolyte samples. Each of these electrodes 
configurations is shown in Figure 3.13. 
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Figure 3.12: Schematic of (a) 4-point probe for in-plane (parallel) conductivity and (b) 2-point 
sandwich probe for through-plane (perpendicular) conductivity of reflection gratings [36] 
 
 
Figure 3.13: Electrodes used for EIS tests: (a) liquid cell for testing pure liquid polymer 
electrolyte, (b) 2-point probe paddles in PTFE slips fit into steel casing, (c) 4-point probe wires in 
PTFE slip [41] 
 
 
In this work, the samples were prepared and tested inside of an argon-filled 
glovebox, in which the oxygen was maintained at less than 1.0 ppm, and the water 
content was below 0.5 ppm. All samples were dried in a vacuum oven at room 
temperature for two weeks before testing, and then transferred to the glovebox to limit 
(a) (b) 
(a) 
(b) 
(c) 
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water absorption into the sample. While inside the glovebox, the samples were cut using 
a razor blade and extracted from glass slides, then placed in contact with the appropriate 
electrode and sealed in the steel casing. For 2P measurements, a peak-to-peak amplitude 
voltage of 20 mV was applied, and for 4P measurements, a voltage of 500 mV was 
applied. The change in the voltage requirement was due to the difference in cross-
sectional area, and therefore resistance, of the electrodes. For all tests, room temperature 
measurements were conducted at 30˚C, and each sample was equilibrated at that 
temperature for 5 minutes before testing. For accurate characterization, 6-10 
measurements were performed for each configuration. Temperature scans were also 
performed to study the influence of temperature on conductivity. Temperature scans were 
conducted from 35 to 115˚C in 10˚C steps. To increase the temperature, the cell was 
placed on an Instec hot stage. The samples were equilibrated at each temperature for 10 
minutes for every 10˚C interval.  
 
3.3.7 Tensile Testing 
Tensile testing is a fundamental method used to characterize the strength and 
mechanical behavior of materials. This technique was used to determine the effect of the 
SiO2 nanoparticles on the tensile strength of the hPEMs. Specifically, the impact of the 
nanoparticles on the Young’s modulus of hPEMs with various electrolyte and 
nanoparticle loadings was determined. During tensile testing, a sample with a defined 
cross-section and gage length is fixed between two grips and pulled at a desired strain 
rate until it fractures. During the process, the applied load and elongation of the specimen 
are measured. Using these measurements and the geometry of the sample, a stress-strain 
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curve can be produced and useful data about the properties of the material can be 
extracted. Equations 3.4 and 3.5 are used to determine the stress and strain, respectively, 
where σ is the stress, F is the instantaneous applied force, A0 is the initial cross-sectional 
area, ε is the strain, ΔL is the change in gage length, and L0 is the initial length of the 
sample [50]. The stress versus strain can be plotted and the Young’s modulus of the 
sample can be determined from the slope of the initial linear portion of the curve.   
 
 
𝜎 =
𝐹
𝐴0
      (3.4) 
 
 
𝜀 =
𝛥𝐿
𝐿0
       (3.5) 
 
The reflection hPEMs were subjected to tensile testing using a Kato Tech Co. KES-
G1 thin film tensile tester. A minimum of eight samples were tested for each sample set, 
and samples of all electrolyte and nanoparticle loading combinations were examined. 
During each test the data was recorded in voltage versus time. The instantaneous force 
was calculated using the voltage and a conversion factor that was determined by 
calibrating the machine. The change in the gage length was calculated using the recorded 
time and the known strain rate. For each sample, a strain rate of 0.2 mm/second was used.  
 
3.3.8 Atomic Force Microscopy 
Atomic force microscopy (AFM) was another technique employed to analyze the 
effect of SiO2 nanoparticles on the mechanical properties of the hPEMs. AFM is 
commonly used to observe the morphological features of a surface down to the 
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nanometer scale. The features are determined by the interaction of the sample with a 
sharp tip, which is attached to a cantilever that bends under the influence of a force. The 
bending is recorded by monitoring the deflection of a laser that reflects off of the 
cantilever surface. Figure 3.14 gives a schematic of this process. AFM can be performed 
in several different modes, including contact, tapping, and noncontact mode. The mode is 
chosen based on the properties of the sample and the information desired. In contact 
mode, the tip touches the sample and scans across the surface, and its deflection is 
measured to gauge the surface height. This mode is generally used for hard samples so 
that the tip cannot deform the surface. Tapping and noncontact modes are called dynamic 
modes because the cantilever is oscillated at or near its resonance frequency during 
operation. This is done by adding a piezoelectric element to the cantilever. The tip is then 
subjected to attractive and repulsive forces from the sample, including Van der Waals and 
electrostatic forces and dipole-dipole interactions. In tapping mode the tip touches the 
sample during each oscillation cycle, while in noncontact mode the cantilever is kept 
close to the sample but has a smaller oscillation amplitude. Both tapping and noncontact 
mode are used to study softer materials because they are less likely to damage the 
samples.   
To investigate the surface morphology and mechanical properties of the hPEMs, a 
specific mode called peak force tapping was employed. Peak force tapping mode is 
similar to tapping mode in that it only intermittently contacts the sample. However, it 
operates in a non-resonant mode, and oscillation is performed well below the resonance 
frequency of the cantilever. In tapping mode, the cantilever resonance is too fast to 
measure the complete force profile, but peak force tapping mode applies a constant force 
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and records force curves every time the tip contacts the sample. The cantilever is 
typically oscillated at a frequency of 2 kHz, which brings the tip into contact with the 
sample for less than 100 µs [51]. The constant force applied is the peak force, or 
maximum force, used for each measurement. In tapping mode only the damping of the 
cantilever oscillation can be controlled, but in peak force mode the maximum force is 
constant throughout the entire process. By controlling the force, the information about 
adhesion forces can be unambiguously separated from the elastic behavior using the 
force-separation curves collected at each position of the sample. This technique allows 
for the simultaneous mapping of quantitative modulus, adhesion, and deformation 
information with topography. An example of the collected force versus separation curve 
for a single cycle in peak force tapping mode is shown in Figure 3.15.  
 
 
Figure 3.14: Schematic of AFM components, including tip used to map the sample surface, and 
the laser and detector used to record the motion of the cantilever [52] 
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Figure 3.15: Force versus separation curve for a single cycle of peak force tapping AFM. The 
blue curve represents the response when the tip approaches the sample and the red curve shows 
the response when the tip withdrawals from the sample [51] 
 
 
 
To determine the elastic properties of the sample from the force-separation curve, the 
Derjaguin-Muller-Toporov (DMT) model can be used  [51]. The DMT model provides an 
estimation of the sample’s reduced elastic modulus based on the interaction and adhesion 
forces between the tip and the sample surface. Equation 3.6 describes the DMT model, 
where Finteraction is the tip-sample force, E
* 
is the reduced elastic modulus, R is the radius 
of the tip, d0 is the surface rest position, (d-d0) is the sample deformation, and Fadhesion is 
the adhesion force during contact [51]. The DMT fit is extracted from the unloading 
portion of the force-separation curve, as indicated in Figure 3.15.  
 
 
𝐹𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
4
3
𝐸∗√𝑅(𝑑 − 𝑑0)3 + 𝐹𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛               (3.6) 
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If the Poisson’s ratio of the tip and the sample are known, the reduced modulus can 
be used to calculate the Young’s modulus of the sample according to Equation 3.7, where 
Esample and Etip are the moduli, and vsample and vtip are the known Poisson’s ratios. For most 
materials, the Poisson’s ratio ranges from approximately 0.2 to 0.5. This corresponds to a 
difference between the reduced modulus and Young’s modulus of 4-25%. When the 
Poisson’s ratio is not accurately known, the reduced, or DMT, modulus is reported. 
 
 
𝐸∗ = [
1−𝑣𝑠𝑎𝑚𝑝𝑙𝑒
2
𝐸𝑠𝑎𝑚𝑝𝑙𝑒
+
1−𝑣𝑡𝑖𝑝
2
𝐸𝑡𝑖𝑝
]
−1
                     (3.7) 
 
The AFM used for this work was a Bruker MultiMode 8 with a NanoScope V 
controller. The tip used was antimony doped silicon with an aluminum reflective coating 
and a nominal tip radius of 8-12 nm. The collected images were analyzed using the 
NanoScope Analysis software. Before use, the AFM was prepared using a three-step 
calibration process. For the first calibration, the deflection sensitivity was determined. 
The cantilever deflection is measured in volts, and the calibration was performed to 
determine the conversion factor needed to translate from volts to deformation distance. 
This was done by measuring the deflection of the cantilever when contacted with 
sapphire. By using a hard control sample such as sapphire, the influence of the sample 
can be excluded and only the behavior of the cantilever is recorded. When the deflection 
sensitivity was known, the applied force F and the tip position d could be calculated 
using Equations 3.8 and 3.9, respectively, where k is the spring constant of the cantilever, 
D is the measured cantilever deflection in Volts, and z is the set vertical scanner position 
[51]. 
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𝐹 = 𝑘 ∗ 𝑠 ∗ 𝐷                      (3.8) 
 
𝑑 = 𝑧 − 𝑆 ∗ 𝐷                     (3.9) 
 
The second calibration was performed to determine the spring constant of the 
cantilever. This was done using a thermal tune method, which measures the cantilever’s 
mechanical response to thermal agitations from the motion of molecules in the ambient 
air. As this is performed the cantilever’s fluctuations are recorded as a function of time, 
and the frequency spectrum of the cantilever’s mechanical response is used to calculate a 
spring constant. The third calibration was performed to measure the exact radius of the 
tip. Each manufactured tip is slightly different in size and shape, and it is therefore 
necessary to calibrate every tip before use. To do this, a fixed force was used to contact 
the tip with a TiO2 control sample with a rough surface. The response of the cantilever to 
the known morphology of the TiO2 was used to confirm the size and shape of the tip, 
which was found to have a radius of approximately 10 nm.  
To prepare samples for AFM, a procedure similar to the SEM sample preparation 
method was followed. The hPEMs were not removed from the glass slides to avoid the 
formation of bubbles that occurs when the films are transferred to a new substrate. 
Instead, the glass slides were cut to with the film intact to prevent any alterations to their 
morphology. The samples were cut to approximately 100mm
2
 to fit on the AFM 
mounting disks. Similar to SEM preparation, the electrolyte layer that collects on the 
surface of the sample had to be removed to image the surface. If adsorbed liquid is on the 
surface of the sample, the movement of the cantilever will represent interactions with 
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both the liquid and the underlying surface, which will give an inaccurate representation of 
the morphology and properties of the material. To remove the electrolyte layer, the 
sample was surface treated with a low adhesion painter’s tape. This was found to be the 
best method to remove the electrolyte without altering the morphology of the sample. The 
tape was rolled over the hPEM in the direction parallel to the grating without pressing on 
the sample. The sample was then mounted for testing. The hPEMs were evaluated using 
PeakForce QNM (quantitative nanomechanical property mapping) to map the modulus of 
the materials. The scan rate for each sample was 1Hz to produce 256 x 256 pixel images. 
Two scan sizes were used to evaluate every sample, including 1µm and 10µm.   
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Chapter 4.  SiO2 Nanoparticles and their Impact on Conductivity 
 
4.1 Introduction 
Before investigating the impact of SiO2 on the properties of hPEMs, the size and 
morphology of the nanoparticles was confirmed. Preliminary tests were then performed 
to characterize the effect of the nanoparticles on conductivity and to choose an 
appropriate range of nanoparticle loadings for the hPEMs.  This was done by 
incorporating the nanoparticles into the pure liquid polymer electrolyte as well as iPEMs. 
The obtained results were compared to literature for validation. 
 
4.2 Morphology 
TEM images of the SiO2 nanoparticles were obtained and the particle geometry was 
analyzed using ImageJ. Figure 4.1 shows a TEM image of the nanoparticles. To 
determine the size of the nanoparticles, ImageJ was used to acquire 20 measurements 
from five different TEM images for a total of 100 measurements. These results, 
summarized in Figure 4.2, revealed that the average particle diameter was approximately 
12 nm. This measurement is in agreement with the range of 10-15 nm given by the 
manufacturer. The TEM images also confirmed that the SiO2 nanoparticle morphology 
was spherical.   
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Figure 4.1: TEM image of SiO2 nanoparticles 
 
 
Figure 4.2: SiO2 nanoparticle size distribution obtained from ImageJ measurements 
 
4.3 Conductivity of Polymer Electrolyte with SiO2  
Using the liquid cell, the conductivity of the polymer electrolyte with 25 wt.% 
LiTFSI and 75 wt.% 400 Mw PEO was measured. At 30˚C, the conductivity was 
8.95*10
-5
 S/cm, which matches the expected range of 10
-5
 to 10
-3
 S/cm [42]. No 
measurement of the same PEO molecular weight and LiTFSI loading could be found in 
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literature, but this value is in agreement with similar PEO-LiTFSI systems, which are 
outlined in Table 4.1.  
Three factors that impact the conductivity are the polymer molecular weight, Li:EO 
mole ratio, and the temperature. The molecular weight of a polymer affects its glass 
transition temperature, which also influences the molecular dynamics. Lower molecular 
weight polymers are expected to exhibit higher conductivity because they have a higher 
concentration of end groups. End groups are only linked by one bond and can move more 
rapidly than middle segments which are connected by two bonds. Therefore, the 
electrolyte from this work should have a higher conductivity than electrolytes with higher 
molecular weights, which is in agreement with the results in Table 4.1. As the Li:EO 
mole ratio increases, the conductivity should also increase due to an increase in the 
amount of charge carriers present for conduction. This analysis is true for the electrolytes 
in Table 4.1, as the system with the highest mole ratio has the highest conductivity. Of 
the electrolytes with the same molecular weight and testing temperature, the one with the 
higher mole ratio exhibited higher conductivity. The electrolytes investigated at higher 
temperatures are also expected to have higher ionic conductivity. At higher temperature, 
the increased movement of the polymer chains and dissociation of the lithium salt 
enhance the conductivity. Table 4.1 shows that samples tested at higher temperatures are 
more conductive than similar samples tested at lower temperatures. Based on this 
comparison, the conductivity measured for the electrolyte in this work is valid. 
SiO2 nanoparticles were added to the pure polymer electrolyte at various loadings to 
study their effect on conductivity. Four different loadings were investigated, including 
0.5, 1, 2, and 5 wt.%. These results were compared to the measured conductivity of the 
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pure electrolyte without nanoparticles. Only low concentrations of nanoparticles were 
investigated based on reports that lower amounts contribute to a greater increase in 
conductivity. Figure 4.3 shows the change in ionic conductivity with the addition of SiO2 
nanoparticles. Conductivity is commonly plotted on a log scale to show the wide range of 
data that is typical for polymer electrolyte membranes. For this analysis, the results are 
shown on a linear scale to accommodate the narrow range of values.  
 
Table 4.1: Comparison of the conductivities of various PEO-LiTFSI electrolytes at different 
loadings, Li:EO mole ratios, and temperatures 
 
PEO Mw 
(g/mol) 
Li:EO mole 
ratio (%) 
Temperature 
(˚C) 
Conductivity       
(S/cm) 
Reference 
400 5.3 30 8.95 * 10
-5
 
 
1000 14.3 50 1.8 * 10
-4 
[42] 
600,000 5 40 1.6 * 10
-5 
[53] 
4,000,000 5 20 7.0 * 10
-6 
[54] 
4,000,000 10 20 1.5 * 10
-5 
[54] 
 
 
 
 
Figure 4.3: Conductivity of 400 Mw PEO and LiTFSI polymer electrolyte with various 
nanoparticle loadings at 30˚C 
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The conductivity of the pure electrolyte increased approximately 12% with the 
addition of 0.5% SiO2, and then decreased as more nanoparticles were added. The 
conductivity of each composite is higher than the pure sample, but higher loadings 
contribute less to the conductivity than lower loadings. This could be due to the 
formation of agglomerations and the loss of ion transport pathways. A high concentration 
of nanoparticles would block the movement of ions and therefore decrease the 
conductivity. Figure 4.4 gives a schematic representation of the polymer matrix with 
distributed SiO2 and lithium ions at low and high nanoparticle loadings. At lower 
loadings, the nanoparticles disperse in the electrolyte and contribute favorably to the 
conductivity without blocking the transport of ions. At higher loadings, there are two 
plausible options for the behavior of the nanoparticles. Due to physical interactions 
between the OH groups on the surface of the particles, including hydrogen bonding 
and/or van der Waals attraction, the particles may form a connected network or large 
agglomerations [55]. In either case, the connectivity of the particles would contribute less 
to the conductivity. The network of particles would form non-continuous conducting 
phases and block the transport of ions from one phase to another. Large agglomerations 
could also hinder ion transport, and the Lewis acid-base contributions would be 
significantly less due to less OH groups exposed for complexation.  
If the particles are not agglomerated, the inter-particle spacing can be estimated 
using the model of simple cubic packing for 12 nm diameter silica nanoparticles. The 
density of the electrolyte was measured to be 1.1 g/cm
3
 by weighing known volumes of 
the solution. The density of the silica nanoparticles is 2.3 g/cm
3
. At 0.5 wt.% nanoparticle 
concentration there should be a spacing of approximately 80 nm between particles, and at 
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1 wt.% concentration the spacing should be approximately 60 nm. At 2 wt.% there should 
be an inter-particle spacing of approximately 44 nm, which drops to 30 nm for the 5 wt.% 
concentration. The diameters of Li
+
 and TFSI
-
 are 0.152 and 0.439 nm, respectively 
[56,57]. Even if the particles are not agglomerating, the shrinking distance between the 
particles may hinder ionic transport. 
 
 
Figure 4.4: Schematic of possible nanoparticle behavior in polymer electrolyte systems, where (a) 
low loadings do not block ion transport, (b) high loadings form nanoparticle networks and non-
continuous conducting phases and (c) high loadings form agglomerations 
 
 
 
4.4 Conductivity of Isotropic Polymer Electrolyte Membranes with SiO2 
The conductivity of iPEMs was investigated to determine the impact of SiO2 
nanoparticles without the additional contribution of confined electrolyte channels. The 
iPEMs could also be directly compared to other systems without a grating structure to 
quantify the effect of the nanoparticles. The same concentrations were investigated as 
before, including 0.5, 1, 2, and 5 wt.% SiO2 with respect to the electrolyte loading. In this 
work, two different electrolyte loadings are studied, including 25 and 35%. The iPEM 
samples are polymerized using the laser beam with no prism and therefore no 
interference pattern. When polymerized, the iPEM samples appear opaque, or milky, due 
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to phase separation. Each of the conductivity measurements was taken at 30˚C. Figure 4.5 
summarizes the effect of the silica on the normalized conductivity of the iPEMs. The 
normalized room temperature conductivity with respect to electrolyte loading was 
determined using Equation 4.1. In all of the plots for this work, the error bars represent a 
95% confidence interval. In all instances where no bars are shown, the error is on the 
order of the size of the symbol. 
 
𝜎𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
𝜎𝑃𝐸𝑀
𝑣𝑜𝑙.%𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
      (4.1) 
 
The conductivity of the iPEMs increased with every filler concentration, but 1 wt.% 
contributed to the greatest increase for the 25% electrolyte film, and 2 wt.% gave the 
greatest increase for the 35% electrolyte film. These changes represented a 155% and 
166% increase over the iPEMs without nanoparticles for the 25% and 35% electrolyte 
systems, respectively. For both iPEM sets, the conductivity increased gradually up to 1 
wt.% SiO2 and then plateaued with the addition of 2 wt.% and decreased with 5 wt.% 
SiO2. The difference between the conductivity with 1 and 2 wt.% SiO2 was less than 5% 
for both iPEM systems. The conductivity decreased between 5-10% for the iPEMs with 5 
wt.% SiO2. Past 5 wt.% loading, it is expected that the conductivity would exhibit a sharp 
decrease due to the formation of agglomerations and non-continuous conducting phases.  
A literature review was conducted to quantify these findings and compare them to 
results obtained in other work. However, no studies with the same mixture of PEO-
LiTFSI-SiO2 were found for direct comparison. Table 4.2 gives a summary of similar 
PEO-based systems with various lithium salts, where “i” indicates an iPEM. The highest 
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change in conductivity and the corresponding SiO2 loading is reported. It is difficult to 
compare the findings from this work to results obtained in past studies, as no systematic 
method has been developed to compare the effects of each oxide nanoparticle system. 
The combination of choices for polymer matrix, electrolyte, and nanoparticle materials is 
vast, and variations in molecular weight, functionality, size, and loading each have a 
notable effect on the final properties of the composite.  
 
 
 
Figure 4.5: Impact of SiO2 on the conductivity of 25 and 35% electrolyte iPEMs 
 
 
 
Table 4.2: Conductivity of PEO-based PEMs with lithium salt and SiO2 nanoparticles 
 
Polymer 
electrolyte 
components 
Temp 
(˚C) 
SiO2 
size 
(nm) 
SiO2 
loading 
(wt.%) 
Conductivity 
without SiO2 
(S/cm) 
Conductivity 
with SiO2 
(S/cm) 
Percent 
increase 
(%) 
Ref. 
25i 30 15 1 4.3 * 10
-6
 1.1 * 10
-5
 155  
35i 30 15 2 1.7 * 10
-5
 4.6 * 10
-5
 166  
PEO-LiClO4 30 7 10 2.0 * 10
-7 
8.0 * 10
-6 
3900 [58] 
PEO-LiTFSI 25 7 5 1.5 * 10
-5 
1.4 * 10
-4 
833 [59] 
PEO-LiClO4 25 7 8 9.7 * 10
-7 
6.2 * 10
-5
 6292 [59] 
PEO-LiTFSI 25 50 10 5.0 * 10
-6 
1.2 * 10
-5 
140 [33] 
PEO-LiClO4 25 15 10 1.0 * 10
-7 
2.8 * 10
-6 
2700 [60] 
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The range of results in Table 4.2 supports that it is challenging to compare different 
PEM systems due to the many factors that contribute to variability. At first glance, it 
would seem that the results from this work are not as impressive as those from literature. 
The conductivity enhancement in this work is lower than every system besides the one 
with larger and likely agglomerated nanoparticles. However, each of the systems 
described in Table 4.2 used a high molecular weight polymer (10
5
-10
6
 g/mol) rather than 
the low molecular weight polymer in this work. In a high molecular weight system, it is 
expected that the ceramic oxides will have two effects on the polymer matrix: disrupting 
the PEO crystallinity to create more amorphous regions and increased segmental motion, 
and producing preferential transport pathways for lithium ions via Lewis acid-base 
complexes. Because this work uses a low molecular weight PEO, the effect of reduced 
crystallinity is not applicable, and any contribution to improved conductivity is assumed 
to be from Lewis acid-base complexes. 
The conductivity of polymer electrolytes is related to the number of charge carriers 
(n), and the charge (q) and mobility (µ) of each type of charge carrier (i), as given in 
Equation 4.1. In the iPEMs, the charge is constant and the mobility is related to viscosity. 
As the temperature increases, the viscosity decreases and therefore the mobility and 
conductivity increase. The mobility is also related to the segmental motion of the polymer 
chains, which is highest for these low molecular weight systems. The conductivity is also 
enhanced when the number of charge carriers increases. In composite systems, Lewis 
acid-base complexations increase the number of “free” ions, and therefore the amount of 
charge carriers available for ionic transport. The ionic conductivity is directly correlated 
to the concentration of free ions, or the amount of ions contributing to charge flow, by the 
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Nernst-Einstein relationship in Equation 4.2. In this equation, σ is the ionic conductivity, 
p is the concentration of free ions, q is the charge of the ion, D is diffusion, and T is 
temperature [36] 
 
𝜎 = 𝛴𝑛𝑖𝑞𝑖µ𝑖                 (4.1) 
 
𝜎 =
𝑝𝑞2𝐷
𝑘𝐵𝑇
                 (4.2) 
 
In a system without nanoparticles, the lithium ion can complex with the ether oxygen 
atoms of PEO and the oxygen atoms in the TFSI
-
 anion, thereby restricting its transport 
abilities. This phenomenon is illustrated in Figure 4.6a. When SiO2 is added, the Lewis 
acid OH sites on the surface of the nanoparticles can interact with the Lewis base oxygen 
atoms in the PEO and TFSI
-
, which weakens the interactions between the oxygen atoms 
and Li
+
. This is depicted in Figure 4.6b.  As a result, more free Li
+
 ions are available for 
transport and the conductivity is enhanced. It is reasonable that the conductivity 
enhancement in amorphous systems would be considerably less than in crystalline 
systems due to crystalline systems experiencing the added contribution of PEO structural 
modification. This behavior has been seen in other low molecular weight PEO-based 
systems, as well as systems above the crystallization temperature, when the polymer is 
amorphous by nature [25, 59, 61].  
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Figure 4.6: Schematic of the interaction of PEO with (a) lithium ions and (b) SiO2 [62] 
 
It is interesting to note that the SiO2 had a greater impact on the conductivity of the 
iPEMs than the pure electrolyte. In the pure electrolyte, the conductivity is already the 
highest that can be expected, as there is no additional factor to impede the motion of ions. 
However, in the iPEMs the addition of the acrylate phase is complicating the system. It is 
possible that the discrepancy between the two systems is due to a competition that arises 
between the nanoparticles and acrylate due to the addition of the second phase. This idea 
is similar to what occurs in polymer electrolytes with mixed salts. Mixing salts has been 
shown to increase conductivity, and combinations including TFSI
-
 with AsF6
-
 and TFSI
-
 
with ClO4
-
 have been investigated [63, 64]. The results of both studies produced similar 
conclusions that large, irregularly shaped anions disrupt the potential around the lithium 
ions, thereby making complexation with Li
+
 difficult for either anion. For example, 
replacing 5 mol% of the AsF6
-
 anions with TFSI
-
 anions in 10
3
 Mw PEO increased the 
conductivity by 1.5 orders of magnitude. The addition of a second, differently shaped 
anion disrupted the charge surrounding the lithium ion and inhibited complexation. 
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Through this mechanism, the mixed salts increased the number of “free” lithium ions and 
therefore increased the number of charge carriers.  
Limited research has been conducted on mixed salt electrolytes because the addition 
of the second salt introduces exceedingly complex phases. However, it is possible that in 
the iPEM system, a similar phenomenon is occurring between the nanoparticles and the 
resin that does not exist in the pure electrolyte. When both the resin and nanoparticles are 
added to the system, the competition between the two may disrupt the potential around 
the lithium ion and lead to more free charge carriers than in the pure electrolyte systems, 
thereby contributing to a greater increase in conductivity in the iPEMs.  
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Chapter 5.  SiO2 in hPEMs with 25 and 35% Electrolyte 
 
5.1 Introduction 
The same range of SiO2 nanoparticle loadings that was studied in Chapter 4 was 
investigated in hPEMs with 25 and 35% electrolyte. The nanoparticles were studied not 
only for their effect on conductivity, but also for their partitioning ability and impact on 
the lamellar structure of the hPEMs. The 25 and 35% electrolyte gratings were chosen 
because the threshold for ionic percolation in the perpendicular direction occurs between 
these loadings. At that point, the through-plane conductivity increases rapidly due to the 
loss of ion blocking layers. Consequently, the anisotropy between the in-plane and 
through-plane conductivity decreases significantly. This trend is shown in Figure 5.1, 
which summarizes the work previously performed by D.M. Smith to characterize a full 
range of electrolyte loadings in the reflection hPEM system. The iPEM measurements 
from Chapter 4 are also indicated for comparison, as well as the conductivity of the pure 
electrolyte. Studying the electrolyte loadings near the percolation threshold will give 
valuable insight into the effects of the nanoparticles on the morphology of the electrolyte 
and resin domains and the formation of ion blocking layers. In this and future analyses, 
perpendicular measurements are through the resin layers, and parallel measurements are 
in the direction of the electrolyte layers. The following designations are used to identify 
the geometry of the samples: “R” indicates a reflection grating, “T” indicates a 
transmission grating, and “i” indicates an iPEM. The number before each identifier 
represents the weight percent of electrolyte in the system 
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Figure 5.1: Comparison of the in-plane (parallel) and through-plane (perpendicular) conductivity 
of hPEMs with various electrolyte loadings. The iPEM measurements from this work are 
indicated. Li25 is the designation for the pure electrolyte [41] 
 
 
5.2 UV-Vis  
UV-Vis was the first test performed to determine the quality of the reflection 
hPEMs. UV-Vis is not a definitive technique to determine the final morphology of the 
films, but it can indicate changes in structure and film quality. Figures 5.2 and 5.3 show 
the UV-Vis spectra of the 25 and 35% electrolyte reflection gratings, respectively. In 
each plot the spectra are offset for clarity. The notches are at approximately 550 nm, but 
the wavelengths shift slightly due to variations of ±0.5˚ in the offset angle of the prism 
during the HP process. The spectra shown are representative of all of the reflection 
gratings investigated for this work. 
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Figure 5.2: UV-Vis spectra of 25% electrolyte reflection gratings with varied weight percent of 
SiO2 nanoparticles. The corresponding diffraction efficiency is listed below each curve. 
 
 
 
 
 
Figure 5.3: UV-Vis spectra of 35% electrolyte reflection gratings with varied weight percent of 
SiO2 nanoparticles. The corresponding diffraction efficiency is listed below each curve. 
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The UV-Vis spectra of the 25 and 35% electrolyte hPEMs with SiO2 nanoparticles 
exhibit similar trends. Three main ideas can be gathered from this data. As the 
nanoparticle loading increases, the diffraction efficiency (DE) decreases. In the samples 
without nanoparticles, 35R has a marginally higher DE than 25R, indicating an increase 
in grating quality and layer continuity. With the addition of 0.5 wt.% nanoparticles, the 
DE decreases 15 and 6% for the hPEMs with 25 and 35% electrolyte, respectively. The 
greater decrease in DE indicates that the morphology of the hPEM is affected more in the 
samples with lower electrolyte loading. This trend is exhibited at higher nanoparticle 
loadings as well. The DE is a measure of the refractive index mismatch and is directly 
proportional to the HP partitioning efficiency and the resulting lamellar structure. 
Therefore, it is reasonable to conclude from these trends that the addition of nanoparticles 
is distorting the lamellar structure.  However, a notch is still seen in samples with the 
highest nanoparticle loading, indicating that the grating is not completely lost, but its 
quality is greatly reduced [36].  
The second point that can be noticed in the UV-Vis spectra is a broadening of the 
peaks with the addition of nanoparticles. The width of the notches is an indication of the 
phase inconsistencies caused by insufficient phase separation at the grating interfaces. 
The samples without nanoparticles exhibit a sharp diffraction peak which is indicative of 
well-defined and well-ordered structures with distinct transitions between refractive 
indexes. As more nanoparticles are added, the width of the notch increases. The broad 
DE suggests a more gradual change in refractive index caused by phase mixing at the 
interface, which results in a poorly defined morphology. 
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The final observation from this data is the slight “roll-off” in the spectra that occurs 
at lower wavelengths for the samples with 2 and 5 wt.% nanoparticles. The roll-off is 
caused by scattering that occurs due to the formation of droplets instead of a lamellar 
structure. The roll-off is more pronounced for the samples with 5 wt.% nanoparticles, and 
indicates a change in the structure from layers to possible circular or oval-shaped 
droplets. Overall, the UV-Vis data is a strong indication of morphology changes and 
layer disruptions that occur with the addition of SiO2 nanoparticles.  
Similar findings were revealed in the work performed by Busbee et al. on the 
dispersion of SiO2 nanoparticles in HPDLC gratings [38]. It was found that the 
diffraction efficiency of HPDLC gratings with well-dispersed nanoparticles was very 
similar to the films without nanoparticles, within experimental variation. However, in 
films with agglomerated nanoparticles, the agglomerations significantly disrupted the 
periodic structure of the gratings and decreased the diffraction efficiency by more than 
half. This indicated that the loss of the structure was a macroscopic effect across the 
entire sample. The DE results were correlated with TEM images which confirmed the 
distortion of the periodic structure in samples with agglomerated SiO2. While UV-Vis is 
not a definitive indicator of the distribution of nanoparticles in the layers, it does reveal 
that the addition of nanoparticles is changing the layer morphology. Additional 
techniques were necessary to supplement and correlate these observations.   
 
5.3 UV Diffraction 
UV diffraction was used as a preliminary test to predict the quality of the 
transmission hPEMs. This technique is analogous to UV-Vis in that it provides a quick 
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and easy initial approximation of the quality of the grating structure. Unlike UV-Vis, this 
technique is not able to quantitatively compare the impact of the nanoparticles on the 
morphology of the layers. Figure 5.4 shows the observed diffraction spots for 
transmission gratings with 35% electrolyte and 0, 1, and 5 wt.% nanoparticles. 
Transmission gratings with 25% electrolyte exhibited similar trends. Figure 5.4a depicts 
the incoming and diffracted beams correlating to the ray-diagram given in Figure 3.6. 
The angle between the incoming and diffracted beams was measured and the grating 
spacing for each sample was calculated using Bragg’s law in Equation 3.1. The refractive 
index was estimated to be 1.5 and the resulting grating spacing for each sample was 
between 179-182 nm. The refractive indexes of the PEO, PETMP, and BAED are 1.47, 
1.53, and 1.52, respectively. The expected spacing is 180 nm, therefore the measured 
values are within acceptable error considering that any movement of the prisms will alter 
the spacing. The results show that the sample without nanoparticles gives the brightest 
diffraction, but the intensity of the diffraction decreases as nanoparticles are added.  
 
 
   
Figure 5.4: UV-diffraction pattern for 35% electrolyte transmission grating with (a) 0% SiO2, (b) 
1% SiO2 and (c) 5% SiO2. 
a b c 
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Based on the UV-Vis results for the reflection gratings, it is reasonable to predict that 
the decrease in the intensity of the diffracted beam indicates a change in the structure of 
the layers. To quantitatively determine the DE, the intensity of the diffraction spots could 
be measured with a power meter and compared using Equation 5.1, where n is the 
diffraction efficiency, and Idiff and Itr are the intensities of the transmitted and the 
diffracted (1
st
 order) beams, respectively [65]. Although the intensities were not 
measured for this study, it is clear that they decrease with the addition of SiO2. If it is 
assumed that the intensity of the transmitted beam is constant, then the decrease in the 
diffracted beam intensity correlates with a decrease in DE. The decrease in DE is 
presumably caused by a change in the refractive index modulation due to phase mixing at 
the layer interfaces or a decrease in the quality of the grating structure.   
 
𝑛 =
𝐼𝑑𝑖𝑓𝑓
𝐼𝑡𝑟+𝐼𝑑𝑖𝑓𝑓
     (5.1) 
 
5.4 Ionic Conductivity 
The ionic conductivity of 25 and 35% electrolyte hPEMs was studied as a function 
of nanoparticle content using EIS. The effect of the nanoparticles on the reflection and 
transmission gratings was analyzed and compared to the results previously discussed for 
iPEMs. The conductivity was also compared to the nanoscale structure of the gratings to 
examine the effect of the nanoparticles on the HP process and the resulting hPEM 
morphology. As before, “R”, “T”, and “i” are used to designate the reflection, 
transmission, and isotropic samples, and the number before each identifier represents the 
weight percent of electrolyte in the system. The parallel and perpendicular measurements 
are taken parallel to the electrolyte layers and against the acrylate layers, respectively. 
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5.4.1 25% Electrolyte 
 
EIS was performed on the 25% electrolyte reflection and transmission gratings with 
various SiO2 nanoparticle loadings and the room temperature conductivity results are 
shown in Figures 5.5 and 5.6. The parallel and perpendicular directions were measured 
for both film geometries and the conductivity anisotropy was determined. The results 
show that the nanoparticles had a moderate effect on the conductivity in the parallel 
direction, but a significant effect in the perpendicular direction. In the parallel direction, 
the maximum conductivity increase occurred with 1 wt.% nanoparticles. The addition of 
1 wt.% nanoparticles contributed to a 34 and 35% increase in the conductivity of the 
reflection and transmission gratings, respectively. The conductivity increased up to 1 
wt.% SiO2 and then began to gradually decrease up to 5 wt.%. The highest conductivity 
measured was 3.73*10
-5 
S/cm for the reflection hPEMs. 
 
 
 
Figure 5.5: Impact of SiO2 on parallel and perpendicular conductivity of 25% electrolyte 
reflection gratings 
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Figure 5.6: Impact of SiO2 on parallel and perpendicular conductivity of 25% electrolyte 
transmission gratings 
 
For the measurements in the perpendicular direction, the conductivity increased with 
the addition of nanoparticles up to 5 wt.% loading. The highest conductivity in the 
perpendicular direction was obtained with 5 wt.% SiO2 and corresponded to a 1098 and 
1175% increase for the 25R and 25T, respectively. For each hPEM geometry, the 
anisotropy ratio decreased significantly with the addition of nanoparticles.  
 
5.4.2 35% Electrolyte 
The same procedure was followed to measure the ionic conductivity of the 35% 
electrolyte reflection and transmission gratings. Both the parallel and perpendicular 
directions were measured again, and the results were plotted with those collected for the 
35% electrolyte iPEMs. Figures 5.7 and 5.8 summarize the normalized conductivity and 
anisotropy ratios measured for the 35% electrolyte reflection and transmission gratings, 
respectively.  
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Figure 5.7: Impact of SiO2 on parallel and perpendicular conductivity of 35% electrolyte 
reflection gratings 
 
 
 
 
 
Figure 5.8: Impact of SiO2 on parallel and perpendicular conductivity of 35% electrolyte 
transmission gratings 
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For the 35% electrolyte hPEMs, the trends observed with the addition of SiO2 
nanoparticles were very similar to those seen in the 25% electrolyte films. In the parallel 
direction, the highest conductivity was achieved with 1 wt.% nanoparticles. The 
conductivity increased 44 and 60% with the addition of 1 wt.% nanoparticles for the 
transmission and reflection hPEMs, respectively. The maximum conductivity obtained 
was 5.85*10
-5
 S/cm for the reflection geometry. Similarly to the 25% electrolyte films, 
the conductivity in the parallel direction began to decrease with the addition of 2 and 5 
wt.% nanoparticles. In the perpendicular direction, the ionic conductivity increased 
steadily up to 2 wt.% nanoparticle loading, and then decreased slightly with 5 wt.% SiO2. 
The highest conductivity with 2 wt.% nanoparticles represented a 405 and 248% increase 
for 35R and 35T, respectively. Accordingly, the anisotropy ratio decreased with the 
addition of nanoparticles.   
 
5.4.3 EIS Discussion 
There are several points that may be extracted from the EIS results. It is clear from 
the trends that the nanoparticles are impacting both the ionic conductivity and 
morphology of the hPEMs. In the parallel direction, the conductivity increase is 
moderate. This could be due to insufficient partitioning of the nanoparticle in the 
electrolyte layers. If a large portion of the nanoparticles did not assemble into the 
electrolyte channels as predicted, then the Lewis acid-base interactions would be minimal 
and the conductivity enhancement would be small. Contrastingly, the conductivity 
increase in the perpendicular direction is substantial. As more nanoparticles are added, 
the anisotropy decreases considerably. This indicates that the nanoparticles are altering 
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the morphology of the layers. Specifically, the nanoparticles are hindering the formation 
of ion blocking acrylate layers, which causes the perpendicular conductivity to increase 
because the ion flux is no longer obstructed.  
The trend of the perpendicular measurements is approaching that of the iPEMs and 
parallel measurements, which indicates that the grating structure is degraded with the 
addition of nanoparticles. The loss of the grating structure intensifies as more 
nanoparticles are added. These results are consistent with those from UV-Vis. Because 
the nanoparticles are changing the structure of the hPEM layers, it is difficult to decouple 
the effect of the morphology from the effect of the nanoparticles on the ionic 
conductivity. The best indication of the effect of the nanoparticles on the ionic 
conductivity occurs at low loadings when the morphology is not entirely changed and a 
distinguishable grating structure still exists. Specifically, the conductivity improvement 
in the parallel direction with 0.5 and 1 wt.% nanoparticles is likely due to the 
nanoparticles and not the loss of the grating. A decline in the quality of the grating should 
cause the conductivity in the parallel direction to decrease because the clear transport 
layers are disappearing and the path for ion flux becomes more torturous. However, the 
conductivity is increasing rather than decreasing, which indicates that the nanoparticles 
are improving the conductivity. The increase is moderate compared to the iPEMs but 
similar to the behavior of the pure electrolyte. This observation supports the previous idea 
that the iPEM behavior is due to competition between the acrylate and the nanoparticles 
that does not occur in the pure electrolyte or the hPEM electrolyte channels. The 
moderate increase in conductivity in the hPEMs could also be due to nanoparticle 
agglomerations in the electrolyte channels. 
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Although the 25% electrolyte reflection and transmission gratings exhibited the same 
trends in conductivity, there was a considerable amount of error between the two 
geometries. The relative error between the reflection and transmission measurements 
ranged from approximately 10-50%. Similarly, the error between the two geometries for 
the 35% electrolyte gratings ranged from approximately 1-24%. The main source of error 
in these measurements is likely due to variability in the transmission and reflection 
optical setups and inconsistencies in the resulting grating structures. In the reflection 
setup, there is only one beam and error is on the order of the thickness of the sample. 
However, the transmission setup is more complicated and prone to error. The 
transmission setup requires the beam to be split by a prism, and then each beam is 
reflected off of a mirror that is tilted at a specific angle to direct it back to another prism, 
where the two beams meet again and contact the sample. This configuration, shown in 
Figure 5.9, has many sources of error.  
 
 
Figure 5.9: Optical setup for transmission gratings. Adapted from [66] 
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In Figure 5.9, the coherent beam is split into two beams that overlap to make an 
interference pattern. The incident angle of each beam (θ) is adjusted separately, and any 
error in the angle will produce a phase difference between the two beams that will alter 
the interference pattern. The intensity and phase relation of the split beams results in an 
interference pattern of bright and dark spots, or areas of constructive and destructive 
interference. Any distortion or gradient in the wavefront of the laser will produce 
variability in the interference pattern. Spatial energy variation in the wavefront will 
decrease the grating quality because there will no longer be discrete light and dark 
interference. This will decrease the maximum intensity contrast and impact the 
partitioning efficiency of the components in the hPEMs, including the nanoparticles. 
These optical variations are likely the source of the error between the conductivity of 
the transmission and reflection samples. However, such variations are not easy to detect 
during the HP process, which is why the quality of the samples is checked using either 
UV-Vis or UV diffraction. UV diffraction is not as sophisticated of a technique as UV-
Vis and cannot provide the same quantitative analysis of the grating structure. Therefore, 
the quality of the transmission samples cannot be readily determined. Furthermore, 
because the 25% electrolyte samples are so close to the percolation threshold, any 
changes to the formation of the ion blocking layers will drastically alter the conductivity. 
This is likely why the error for the 25% electrolyte films is higher than for the 35% 
electrolyte films. Because the transmission samples are more susceptible to error, the EIS 
results from the reflection samples are likely a better representation of the true behavior 
of the nanoparticles. In the current analysis, it is not possible to decouple the effects of 
the laser from the effects of the nanoparticles in the transmission gratings. 
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5.4.4 Comparison of Nyquist, Bode, and Phase Plots 
The Nyquist, Bode, and phase plots from the hPEMs were examined to extract 
information about the behavior of the ions in the presence of the nanoparticles. In this 
analysis, various plots from 35% electrolyte hPEMs will be discussed. The responses of 
the 25% electrolyte hPEMs were similar; therefore only one set will be discussed in 
detail. In particular, four sets of plots will be presented and compared. The parallel 
measurements of the 35% electrolyte reflection gratings will be shown to evaluate any 
changes that occur in the electrolyte domain with the addition of nanoparticles. To 
compare the behavior of the transmission and reflection gratings, the parallel 
measurements of the 35% electrolyte transmission hPEMs will also be discussed. The 
perpendicular measurements of the 35% electrolyte reflection gratings will be compared 
to identify any differences in the acrylate domain after the incorporation of nanoparticles. 
Finally, the 35% electrolyte iPEMs will be presented to determine if any changes in ion 
transport occurred in the isotropic system. As before, “R”, “T”, and “i” are used to 
designate the reflection, transmission, and isotropic samples, respectively. The number 
before each identifier represents the weight percent of electrolyte in the sample. 
 The Bode, phase, and Nyquist plots for 35R measured in the parallel direction are 
given in Figure 5.10. The plots for the hPEMs with 1 wt.% SiO2 are very similar to those 
without nanoparticles. The hPEMs have two distinct phases, where the electrolyte is 
highly conductive and the acrylate is marginally conductive. The difference between the 
conductivity of the phases is determined by the diffusion kinetics and solubility of the 
lithium salt in the PEO and acrylate. The two phases should appear in different positions 
102 
of the Bode, phase, and Nyquist plots. The following plots are read from right to left, as 
the tests are performed from high to low frequency. 
In the 35R Bode plots for the parallel measurements, the plots have an upward slope 
and then plateau as lower frequencies are reached. The plateau corresponds to the ionic 
conductivity of the electrolyte region, and the resistance at that point may be used to 
calculate the conductivity. The position of the plateau decreases as the temperature 
increases, which represents an increase in conductivity. If the ions in the acrylate phase 
were contributing to the ionic conductivity, the Bode plot would begin to slope upward 
again at higher frequencies. This occurrence is not evident for the 35R Bode plots.  
In the phase plots, two peaks are visible at high frequencies, followed by a decrease 
in the phase lag and a plateau at 0˚. The high frequency phase peaks correspond to the 
ions in the electrolyte, where the lithium is attributed to the peak at higher frequency 
because it is smaller, and the TFSI
-
 is responsible for the lower frequency peak. As the 
temperature increases, the TFSI
-
 peak begins to disappear and blend with the Li
+
 peak, 
which possibly indicates that the TFSI- does not contribute to conduction at high 
temperatures. After the peaks, the phase lag decreases to 0˚ because the sample is 
behaving like a resistor. As discussed for the Bode plots, the phase lag would increase 
again if the ions in the acrylate were contributing to the conduction. This does not occur 
for the 35R parallel measurements.  
In the Nyquist plots, the two phases should appear as a set of semi-circles whose 
curvatures slightly overlap. One of the circles appears near the origin of the graph in the 
high frequency region. This corresponds to the ionic conductivity in the PEO electrolyte. 
The second circle, which corresponds to conductivity in the acrylate, overlaps the second 
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one in the lower frequency region. In the 35R parallel Nyquist plots in Figure 5.10, the 
circle corresponding to ionic conductivity in the electrolyte is clearly defined. However, 
the second circle is difficult to see unless the plot is magnified. Figure 5.11 shows a 
magnification of the second semicircle. The second semicircle indicates the presence of 
ions in the acrylate phase but it is much smaller than the electrolyte semicircle, which 
confirms that the acrylate does not contribute substantially to the ionic conductivity. 
In all of the plots for the 35R parallel measurements, there is very little difference 
between the samples with and without nanoparticles. This indicates that the nanoparticles 
are not changing the conduction mechanism. The only discernable difference is the low 
frequency plateau in the Bode plots and the touchdown point in the Nyquist plots, each of 
which correspond to an increase in conductivity with the addition of nanoparticles. 
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Figure 5.10: Comparison of (a,b) Bode, (c,d) Phase, and (e,f) Nyquist plots for parallel 
measurements of 35% electrolyte reflection gratings with and without SiO2 nanoparticles 
 
(a) (b) 
(c) (d) 
(e) (f) 
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Figure 5.11: Nyquist plot for parallel measurement of 35% electrolyte reflection hPEM, where 
the insert shows the smaller semicircle 
 
 
 
 The transmission hPEMs in the parallel direction were analyzed to confirm that 
the nanoparticles behave the same way as in the reflection hPEMs. Figure 5.12 shows the 
Bode, phase, and Nyquist plots for the parallel measurements of the 35% electrolyte 
transmission gratings with and without nanoparticles. The following plots appear 
different than those discussed previously because they were obtained using the 2P 
electrodes rather than the 4P due to the configuration of the electrolyte layers.  
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Figure 5.12: Comparison of (a,b) Bode, (c,d) Phase, and (e,f) Nyquist plots for parallel 
measurements of 35% electrolyte transmission gratings with and without SiO2 nanoparticles 
 
(a) (b) 
(c) (d) 
(e) (f) 
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It is apparent that the nanoparticles are not causing any significant changes to the 
conduction mechanism in the transmission hPEMs. In the Bode plots there is a plateau at 
higher frequencies, followed by a rise at lower frequencies. The plateau corresponds to 
the 0˚ phase lag, or resistive behavior, in the phase plot. At lower frequencies, the phase 
lag slopes upward to 90˚ in response to capacitive behavior. This cycle is caused by the 
ionic diffusion in the electrolyte. Because there is not a second set of capacitive behavior, 
there is likely little contribution from the acrylate to the ionic conductivity.  
For this configuration, the Nyquist plot should consist of two regions, including a 
semicircle at high frequency and a tail at low frequency. In each of the samples with 35% 
electrolyte, the semicircle is not visible and the tail dominates the plot. The disappearance 
of the high frequency semicircle indicates that the overall conductivity is mainly due to 
ion conduction  [67]. Figure 5.13 shows the full Nyquist plot and the overbearing tail. In 
this analysis, 35T, 35R, and 35i each exhibit this behavior and the Nyquist plots shown 
for them are all in the low frequency region. When the semicircle is not visible, the 
conductivity is determined by extrapolating the line of the tail to the x-axis to find the 
resistance.   
In the Nyquist plots for the 35T hPEMs, there is no distinguishable difference 
between the samples with nanoparticles and those without. This is also true for the Bode 
and phase plots. Furthermore, there is no difference in the behavior of the transmission 
and reflection gratings. From this, it may be concluded that the conduction mechanism in 
each of these geometries is equivalent and not altered by the incorporation of 
nanoparticles.  
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Figure 5.13: Nyquist plot for 35% electrolyte reflection gratings showing the low frequency tail 
 
 
The same behavior is observed for 35R in the perpendicular direction and 35i, shown 
in Figures 5.14 and 5.15, respectively. The perpendicular direction was evaluated to 
analyze if the nanoparticles were altering the acrylate phase. However, there are no 
differences in the Bode, phase or Nyquist plots that would indicate any changes caused 
by the nanoparticles. The same is true for the iPEMs, which also exhibit the same 
behavior before and after the nanoparticles are added to the system. As mentioned 
previously, the only observable change in the plots with nanoparticles is a decrease in the 
bulk resistance, and therefore an increase in the overall conductivity.  
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Figure 5.14: Comparison of (a,b) Bode, (c,d) Phase, and (e,f) Nyquist plots for perpendicular 
measurements of 35% electrolyte reflection gratings with and without SiO2 nanoparticles 
 
 
(a) (b) 
(c) (d) 
(e) (f) 
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Figure 5.15: Comparison of (a,b) Bode, (c,d) Phase, and (e,f) Nyquist plots for 35% electrolyte 
iPEMs with and without SiO2 nanoparticles 
 
(a) (b) 
(c) (d) 
 (e)  (f) 
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5.4.5 Temperature Dependence of Conductivity 
The dependence of polymer electrolyte conductivity on temperature has been well 
reported in literature. In solid polymer electrolytes, the temperature dependence of 
conductivity typically follows one of two conduction mechanisms. In the Arrhenius 
model, ionic transport is decoupled from polymer segmental motion and instead related 
to diffusion of the ions. Equation 5.1 gives the Arrhenius relationship, where σ is the 
ionic conductivity, σ0 is the exponential prefactor, Ea is the activation energy, k is the 
Boltzmann constant, and T is the temperature [68]. In this equation, ion transport is a 
linear, thermally activated process and Ea represents the energy barrier that must be 
overcome for conduction to occur.  
 
σArr = 𝜎0exp⁡(
−𝐸𝑎
𝑘𝑇
)     (5.1) 
 
The second conduction mechanism obeys the Vogel-Tamman-Fulcher (VTF) model, 
for which the temperature dependence is non-linear and indicative of an ion mobility 
mechanism of ionic hopping coupled with segmental motion of the polymer chains [68]. 
Equation 5.2 gives the VTF equation, where σ is the conductivity, A is a fitting parameter 
related to the number of charge carriers, B is related to activation energy, and T0 is a 
reference temperature that is associated with the glass transition temperature (Tg) of the 
conducting polymer [69]. Typically, T0 is considered the equilibrium glass transition 
temperature, or the temperature at which the configurational entropy of the system 
reaches zero. In other studies of PEO and lithium salt polymer electrolytes, the fitted T0 
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value has been found to be lower than Tg by anywhere between 20-50˚C, depending on 
the composition of the electrolyte [55, 70, 71].  
 
σVTF = 𝐴𝑇
−
1
2exp⁡(
−𝐵
𝑇−𝑇0
)   (5.2) 
The main difference between the Arrhenius and VTF models is the fitting parameter 
T0. This value may provide information regarding how the polymer chain dynamics 
influence ion transport and how the polymer reacts to nanoparticles in the system. 
Studying the ionic conductivity as a function of temperature is a valuable technique to 
understand the behavior of the ions in the presence of nanoparticles. For the present 
analysis, the ionic conductivity was measured at temperatures from 35 to 115˚C in 10˚C 
increments. Parallel and perpendicular measurements for hPEMs with 1 wt.% 
nanoparticles were compared to those without. The 1 wt.% nanoparticle loading was 
chosen because it contributed to the highest increase in conductivity without a significant 
sacrifice of the grating structure. Only reflection gratings were investigated because the 
response of the transmission gratings is the same, and the results may be correlated to 
quantitative UV-Vis data that is not available for the transmission gratings. Figures 5.16 
and 5.17 show the temperature dependence of conductivity for the 25 and 35% reflection 
gratings, respectively. The data collected from the temperature scans exhibited non-linear 
behavior with subtle curvature, and was thus fit using the VTF model. Origin 8.5 was 
used to fit each curve, and the R
2 
value for every fit was >0.999. Table 5.1 summarizes 
the T0 values, as well as the A and B parameters, obtained from the VTF fittings. 
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Table 5.1: VTF fitting parameters for temperature scans with standard error indicated 
Sample T0 (K) A (K
0.5
Scm
-1
) B (K) 
35R (⊥) 230 ± 8 0.006 ± 0.001 378 ± 52 
35R (⊥) + 1% SiO2 216 ± 7 0.011 ± 0.002 386 ± 43 
35R (∥) 193 ± 12 0.036 ± 0.008 455 ± 84 
35R (∥) + 1% SiO2 184 ± 14 0.048 ± 0.010 549 ± 56 
25R (⊥) 254 ± 4 0.002 ± 0.001 537 ± 61 
25R (⊥)+ 1% SiO2 216 ± 9 0.011 ± 0.005 742 ± 106 
25R (∥) 188 ± 7 0.017 ± 0.009 802 ± 53 
25R (∥) + 1% SiO2 176 ± 11 0.022 ± 0.009 899 ± 140 
 
  
Figure 5.16: EIS temperature scans for parallel and perpendicular measurements of 25% 
electrolyte reflection gratings with and without nanoparticles.  
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Figure 5.17: EIS temperature scans for parallel and perpendicular measurements of 35% 
electrolyte reflection gratings with and without nanoparticles. 
 
 
There are several pieces of information that can be gathered from the VTF fittings. In 
Figures 5.16and 5.17, it can be seen that the conductivity is higher for the samples with 
nanoparticles, which correlates with the EIS results. Also, the slope of the curves for the 
perpendicular measurements is larger than for the parallel measurements. This is in 
agreement with the geometry of the sample and the EIS data. The slope at each point 
corresponds to the activation energy at that temperature. Because the ions must travel 
through the acrylate layers in perpendicular measurements, ion mobility is limited and the 
activation energy is higher. This behavior is more subtle for the 35% electrolyte hPEM 
because the ion-blocking acrylate layers have more cross-talk and perforations, as 
indicated by the EIS and anisotropy results. Therefore, ion transport in the perpendicular 
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direction is less inhibited than in the 25% electrolyte. The slope is higher for 25% 
electrolyte hPEMs in both the parallel and perpendicular directions because there is less 
electrolyte volume in the system for the ions to travel through.  
The slope of the curves decreases with the addition of nanoparticles in both the 
parallel and perpendicular directions. Therefore, the activation energy for conduction 
decreases when nanoparticles are in the system. To determine the activation energy, a 
second-order polynomial fit was applied to the data and the slope was calculated. Table 
5.2 summarizes the room temperature activation energy for each sample. These results 
confirm that the activation energy is lower for the parallel direction, for samples with 
more electrolyte volume, and for samples with nanoparticles. The activation energy 
values calculated for this system are comparable to those reported for other PEO-lithium 
salt polymer electrolytes with oxide fillers [72, 73].  
 
Table 5.2: Calculated activation energy for hPEMs with and without nanoparticles 
Sample Ea (eV)  
35R (⊥) 0.053 
35R (⊥) + 1% SiO2 0.047 
35R (∥) 0.034 
35R (∥) + 1% SiO2 0.030 
25R (⊥) 0.062 
25R (⊥)+ 1% SiO2 0.055 
25R (∥) 0.041 
25R (∥) + 1% SiO2 0.036 
 
 
 
Many other studies of composite polymer electrolytes have found that the activation 
energy decreases with the incorporation of nanoparticles, which correlates with an 
increase in ionic conductivity. The decrease in activation energy is linked to the increase 
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in chain flexibility and polymer segmental motion which enhances ionic transport. In the 
hPEM system, the decrease is likely due to Lewis acid-base interactions between the PEO 
and SiO2. In this system, the acidic SiO2 may interact with the basic oxygen atoms of 
PEO or TFSI
-
. In either case, the ionic conductivity would increase because the 
nanoparticles dissociate salt clusters and allow for more lithium ions to be available for 
conduction. However, if the nanoparticles are only interacting with the oxygen atoms of 
TFSI
-
, the activation energy is expected to increase. Therefore, the decrease in activation 
energy of this system with the addition of nanoparticles indicates that the silica is 
preferentially coordinating with the PEO chains. This implies that a balance exists such 
that the nanoparticle interactions allow for a sufficient amount of lithium ions to conduct, 
but do not occupy all of the ether oxygens so PEO mobility is maintained. The lower 
activation energy reveals that the ions in samples with nanoparticles require lower energy 
for migration and the interaction between the filler and polymer matrix increases the 
chain segmental motion. The decrease could also be attributed to the morphological 
changes that occur with the addition of SiO2 as seen in the UV-Vis data. If the 
incorporation of nanoparticles is causing perforations in the ion blocking layers, the ease 
of ion transport in the perpendicular direction will increase.  
Additional information about the transport of ions in the hPEMs can be extracted 
from the trends in the fitted T0 parameter from the VTF model. The first thing to note is 
that some of the T0 values obtained from the VTF fits are lower than expected. The glass 
transition temperature of PEO is approximately -60˚C, and that increases when the 
polymer is complexed with a lithium salt [73]. In the presence of lithium salt, there is a 
reduction in the flexibility of the PEO chains due to the complexation between the 
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oxygen atoms and the lithium ions. It is also expected that Tg would increase with the 
addition of the acrylate. This is confirmed by the difference between the fitted T0 values 
for the 25 and 35% electrolyte hPEMs. The value of T0 increases as the electrolyte 
content decreases, which indicates that enough of the acrylate phase is mixed with the 
electrolyte layer to cause the Tg to increase [36].  Considering these points, the difference 
between the fitted T0 and the expected Tg is within the 20-50˚C range of error that has 
been observed in other studies.  
It is expected that the Tg should increase again with the addition of nanoparticles 
because they also complex with the oxygen atoms of PEO and slow the dynamics of the 
polymer chain. This may be correlated to the increase in mechanical properties with the 
addition of nanoparticles. In general, it is understood that a decrease in Tg contributes to 
higher conductivity due to increased flexibility of the polymer chains.  However, there 
are many inconsistencies in literature reports regarding the effect of oxide nanoparticles 
on the Tg of polymer electrolytes. For example, a study of PEO8LiClO4 with 20 wt.% of 
24 nm Al2O3 reported no change in Tg with the addition of ceramic additives [73]. In 
another example, the Tg of PEO8LiBF4 increased when various concentrations of 5 µm 
zeolite were added to the system [74]. Contrastingly, a study of 1 µm SiC and Si3N4 
fillers in PEO16LiClO4 revealed a decrease in Tg for all compositions investigated [75]. 
Therefore, the effect of the nanoparticles on Tg of PEO complexes is different depending 
on the type of salt and ceramic filler, as well as the loadings and particle sizes. 
Furthermore, the Tg of the hPEM with nanoparticles cannot be considered the same Tg as 
the pure PEO polymer, as the mechanism changes with the addition of silica. However, 
the trends in T0 may still be compared. 
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To date, very few studies have been performed to quantify the effect of various 
fillers on the thermal properties of polymer electrolytes. The most comprehensive study 
found for this analysis investigated the impact of 22 fillers of different sizes and 
compositions on the properties of PEO16LiClO4 [76]. Each sample was prepared under 
the same processing conditions and 10 wt.% of fillers was incorporated into every 
sample. The authors found that the Tg value was lowered for each of the 22 different 
ceramic nanoparticles that were added. They attributed this to an increase in the 
flexibility of the polymer, which also contributed to an increase in conductivity. Of the 
species studied, the authors found no pattern between the particle size and magnitude of 
the decrease in Tg. Similarly, they found no correlation between the particle composition 
and the decrease in Tg. Specifically for SiO2, they investigated 7 nm and 14 nm particle 
sizes and found they contributed to approximately 5 and 15˚C decreases, respectively. 
For both the 25 and 35% electrolyte hPEMs tested in the parallel and perpendicular 
directions, the fitted values of T0 decreased with the addition of SiO2 nanoparticles. This 
may be attributed to the modification of the interactions between the polymer and lithium 
salt. Specifically, this supports that the fillers are interacting with the oxygens along the 
PEO chain. This also supports the dissociation of Li
+
TFSI
-
 contact ion pairs which allows 
for more free Li
+
 for transport while also maintaining PEO flexibility. The decrease in T0 
could also indicate that there is a specific interaction between the lithium ion and SiO2 
that is reducing the complexation between the Li
+
 and PEO and thus decreasing Tg. 
However, it is challenging to establish a conclusive reasoning due to the complicated 
nature of this system. There are many elements to consider due to the added acrylate 
phase and partitioning components. For instance, as the temperature of the hPEMs is 
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increased the PEO and ions are expected to swell into the acrylate matrix. The 
nanoparticles are too large to diffuse into the acrylate layers and would collect at the 
interface as the PEO swells into the acrylate. Each sample was isothermally treated for 10 
minutes, which may not have been enough time for the system to reach thermodynamic 
equilibrium. Therefore, the observed trends may not be entirely representative of what is 
happening in the system. This could be a reason why the fitted T0 values are lower than 
expected. This could also contribute to the decrease in T0 because as the nanoparticles 
collect at the interface they are no longer available to complex with the PEO chains. 
Ultimately, the mechanism of ion transport in the composite hPEMs is not yet fully 
understood due to the complexity of the system.  
 
5.5 Morphology and Nanoparticle Distribution 
Both TEM and SEM were used to investigate the structures of the hPEMs and 
correlate the results to the trends observed using UV-Vis and EIS. In this analysis, only 
images of hPEMs with 25% electrolyte could be obtained due to difficulty in handling the 
35% electrolyte films. Furthermore, EDS was used to investigate the distribution of SiO2 
in each of the domains and determine the partitioning efficiency of the system. 
 
5.5.1 TEM 
The expected morphology of the 25% electrolyte hPEMs without nanoparticles is a 
semi-continuous lamellar structure based on the UV-Vis results. Because the diffraction 
efficiency is high, there should be a clear partitioning of the acrylate and electrolyte 
layers. Furthermore, because the anisotropy ratio is high, there should be minimal 
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crosstalk and perforations in the acrylate layers. With the addition of nanoparticles, it is 
expected that the quality of the grating structure will decrease and interconnecting 
electrolyte pathways will perforate the acrylate layers. Figure 5.17 shows the morphology 
of 25% electrolyte reflection hPEM with and without nanoparticles. The morphology of 
the sample without nanoparticles is similar to the expected structure, with clearly defined 
acrylate and electrolyte layers and no discernable crosstalk. The electrolyte is formed into 
large, semi-continuous droplet layers that are not completely connected but form a clear 
pathway for ion flux. 
 
 
a 
b 
121 
 
Figure 5.18: TEM images of 25% electrolyte reflection gratings (a) without nanoparticles and 
(b,c) with 1 wt.% SiO2 [41] 
 
It is clear from the TEM images that the addition of 1 wt.% SiO2 disrupts the grating 
structure of the hPEM. The layers are still semi-continuous, but the electrolyte regions 
appear as smaller droplets. The formation of smaller droplets supports the slight roll-off 
that occurred in the spectra of the samples with higher nanoparticle loadings. The 
periodicity of the layers is still approximately 180 nm but is less uniform. There are also 
some perforations within the acrylate layers which account for the increase in 
conductivity in the parallel direction. No nanoparticles are actually visible in the TEM 
image due to the procedure for sample preparation. The films are in contact with water 
during the microtoming process which evacuates the nanoparticles from the electrolyte 
and resin layers.  
 
5.5.2 SEM 
SEM was also used to evaluate the morphology of the hPEMs. While SEM cannot 
visualize through the thickness of the films, it can show the layered morphology on the 
c 
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surface of the transmission gratings. This technique was used to show that the 
morphology of the transmission gratings is similar to that of the reflection gratings. In 
each of the following SEM images, the spherical features on the surface of the films are 
artifacts of sputtering. The samples were sputtered with Pt-Pd for 65 seconds to prevent 
the sample from burning under the beam. The excess sputtering promoted the nucleation 
of Pt-Pd on the surface of the films. However, a grating can still be observed in each of 
the images. Figures 5.19-5.21show the surface morphologies of hPEMs with 0, 1, and 5 
wt.% nanoparticles, respectively.  
 
 
Figure 5.19: SEM image of 25% electrolyte transmission gratings with 0% SiO2. The red arrow 
indicates the direction parallel to the layers. 
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Figure 5.20: SEM image of 25% electrolyte transmission gratings with 1% SiO2.  
 
 
 
Figure 5.21: SEM image of 25% electrolyte transmission gratings with 5% SiO2.  
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The SEM images show that a grating structure is present in the hPEMs with and 
without nanoparticles. Features such as layer morphology and crosstalk channels are not 
visible in the images. However, the presence of an identifiable layered morphology in 
each of the images indicates that the grating structure is not completely lost with the 
addition of nanoparticles. This supports the UV-Vis results for the samples with 
nanoparticles, for which the diffraction efficiency decreased but was still high enough to 
indicate a lower quality grating.  
The behavior of the 35% electrolyte hPEMs is expected to be similar to that of the 
25% electrolyte. The UV-Vis results indicate a well-defined, semi-continuous lamellar 
structure for the sample without nanoparticles. The EIS results indicate the presence of 
crosstalk between the acrylate layers. These interconnecting channels form because the 
volume percent of electrolyte is high and approaching the saturation limit of the 
electrolyte in the layers. The perforations interrupt the integrity of the periodicity but a 
grating is still formed. As nanoparticles are added, the quality of the grating is expected 
to decline just as with the 25% electrolyte samples.  
 
5.5.3 EDS 
The EIS results indicate that a portion of the nanoparticles were partitioned into the 
electrolyte layers during the HP process, as expected. However, it is apparent that the 
SiO2 did not partition as efficiently as predicted and a fraction was likely trapped in the 
acrylate domain. The distribution of silicon was evaluated using EDS to detect the 
location of the nanoparticles. Element maps were produced and periodicity in the images 
was evaluated using a fast Fourier transform (FFT) analysis in ImageJ. Element maps 
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were obtained for 25T samples with 1 and 5 wt.% nanoparticles and compared to those 
without nanoparticles. The acquisition time for each map was kept constant at 15 
minutes. The maps for 5 wt.% nanoparticles showed a higher concentration of dots 
corresponding to a higher concentration of nanoparticles, but there was otherwise no 
discernable difference between the maps from samples with 1 and 5 wt.% SiO2.  Figure 
5.22 shows a silicon element map projected onto the corresponding SEM image of the 
hPEM with 5 wt.% nanoparticles from which it was obtained. It is immediately apparent 
that the distribution of silicon shows no periodicity corresponding to the length scale of 
the grating structure. The same results were observed for samples with 1 wt.% 
nanoparticles.  
 
Figure 5.22: Silicon element map from a transmission hPEM with 5 wt.% SiO2 projected onto the 
corresponding SEM image of the grating. The arrow indicates the direction parallel to the layers 
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FFT transformations were performed to confirm that there was no periodicity in the 
distribution of silicon. FFT is a technique commonly used to process images and evaluate 
any periodicity in the image. According to Fourier’s theorem, a periodic, continuous 
function may be represented as the sum of sinusoidal waves with appropriately defined 
frequency, amplitude and phase [77]. During the Fourier transformation of an image, the 
spatial periodicity of the image is determine and presented as a function of the frequency 
of the periodicity. The original function, or image, is in signal space, while the 
transformation is represented in frequency space, which is a spectrum produced by the 
FFT. The spectrum reveals the preferred orientation direction of the structures in the 
original image.  
The regularity of the grating structure was investigated in frequency space using FFT 
and compared to the EDS element map of silicon. Figure 5.22 shows an SEM image of 
the grating and the corresponding FFT image. The FFT image shows two spots which 
confirm the periodic array of parallel layers in the hPEM. The radius of the frequency 
domain, or the radius from the center to each of the spots, is measured in units per cycle 
using ImageJ. Using the scale bar of the image, the position of the dots corresponded to 
190 nm/cycle, or a layer spacing of 190 nm. This is in agreement with the expected 
spacing of 180 nm. Therefore the FFT confirmed a regular arrangement of parallel layers. 
Figure 5.24 shows the EDS element map obtained from the SEM image in Figure 5.23 
and the corresponding FFT image. The FFT image indicates that no symmetry or 
periodicity was present in the element map.   
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Figure 5.23: (a) SEM image of hPEM with 5 wt.% nanoparticles and (b) corresponding FFT 
transformation 
 
  
Figure 5.24: (a) Image of EDS element map for silicon in hPEM with 5 wt.% nanoparticles and 
(b) corresponding FFT transformation 
 
 
Based on the EDS results, the distribution of SiO2 nanoparticles in the layers is close 
to even instead of concentrated in the electrolyte as originally anticipated. This is likely 
because the SiO2 did not partition preferentially into the electrolyte, rather it remained 
a b 
a b 
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distributed in both the acrylate and electrolyte layers. There are several explanations for 
why this would occur. If there was any spatial energy variation in the wavefront of the 
laser while fabricating the transmission gratings, there would not be discrete light and 
dark interference. This would decrease the maximum intensity contrast and hinder the 
partitioning of the nanoparticles into the areas of destructive interference.  
Another reason the nanoparticles would not partition is if they were agglomerated in 
the prepolymer syrup. Juhl et al. observed that nanoparticles do not partition into regions 
of destructive interference [39]. Instead, they distribute evenly in the layers. The SiO2 
particles may agglomerate because the nanoparticle-polymer interactions were 
unfavorable compared to the polymer-polymer interactions. The OH groups on the 
surface of the nanoparticles can form hydrogen bonds that hold the particles together and 
form aggregates. Even with thorough mixing, the aggregates will remain intact if the 
nanoparticle-polymer interactions are not favorable or strong enough to separate them. 
Nanoparticle assembly is a function of particle mobility, which quickly slows as the 
prepolymer syrup is exposed to the beam and the mixture begins to polymerize. The 
matrix is almost fully polymerized after only a few seconds of exposure, after which the 
nanoparticles are trapped. If the nanoparticles are agglomerated in the prepolymer syrup, 
the large agglomerations will not be able to diffuse through the mixture as quickly as 
individual particles could. They would then be trapped in the acrylate layers and the 
distribution would be even, as seen in the EDS results. 
The observed partitioning may also be misleading. As discussed previously, there are 
several opportunities for error when fabricating transmission gratings. If the incident 
angle of the two split beams was not equal, the resulting structure may have a slanted 
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grating in which the plane of the grating is not perpendicular to the plane of the film, 
rather it is slanted with respect to the surface of the film. If the layers are only slightly 
slanted, the EDS results will not accurately detect the silicon in each layer. The silicon 
would appear to be evenly distributed because the layers are not perpendicular and the 
EDS detects deeper than just a surface layer. However, it is unlikely that this is the case 
because multiple EDS tests were performed on different samples and each one showed no 
periodic distribution of silicon. Ultimately, a combined analysis of the collected results 
indicates that the nanoparticles are not fully partitioned in the electrolyte layers, but are 
instead distributed throughout both phases. The degree of partitioning is unknown, but is 
likely close to an even distribution based on the discussed results.  
 
5.5.4 Morphology Compared with Ionic Conductivity 
All of the aforementioned results can be correlated to predict the effect of the 
nanoparticles on the morphology of the hPEMs. From the UV-Vis and TEM results, the 
expected structure of the hPEMs without nanoparticles has semi-continuous, clearly 
defined, phase-separated layers. The difference between the 25 and 35% electrolyte 
hPEMs is inferred from the EIS results. The anisotropy ratios reveal that samples with 
more electrolyte have perforations in the ion blocking acrylate layers. Figure 5.25 shows 
a schematic representation of the 25 and 35% electrolyte hPEM morphology based on 
these results. The green regions are semi-continuous electrolyte layers, and the blue 
regions are the acrylate phase. The spatial variation in the color represents the laser 
intensity profile, where the darker layers are the areas of constructive interference and the 
lighter layers are the areas of destructive interference.  
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It is clear from the EIS results that the morphology of the layers is changing with the 
addition of nanoparticles. This is likely due to the nanoparticles interrupting the grating 
formation during the HP process. The effect of nanoparticles on the morphology of 
holographic structures has not been extensively explored in literature. However, other 
work has shown that the nanoparticles clearly distort the periodic grating structure [38]. 
The effect of the nanoparticles is dictated by several factors, including the polymer-
nanoparticle interactions and the diffusion and kinetic mechanisms of the electrolyte and 
acrylate molecules and the nanoparticles. A complete model of nanoparticle behavior 
would require an understanding of the diffusion and polymerization kinetics as a function 
of nanoparticle loading. From that, the effect of nanoparticles on the layer morphology 
and phase separation could be quantified.  
Several studies have been performed to determine the effect of nanoparticles on 
photopolymerization kinetics, but not in systems where a grating structure is formed. For 
example, Lee et al. investigated the effect of silica nanoparticles on the polymerization 
rates of a thiol-ene nanocomposite [78]. The study revealed an increase in polymerization 
rates with increased nanoparticle loading. The nanoparticles increased the viscosity of the 
system and reduced the mobility of the polymer chains, which then slowed the 
termination kinetics and resulted in faster polymerization rates. Similar results were 
obtained by Cho et al. in a study of silica nanoparticles in a photopolymerized acrylate 
nanocomposite [79]. In the acrylate system, the authors found that the nanoparticles 
accelerate the reaction. They propose that silica agglomerations scatter the UV light, 
which enhances the photoinitiation efficiency and promotes faster curing.   
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In the case of the HP process, there is an added complication of partitioning that is 
affected by the polymerization kinetics. If the silica nanoparticles in the hPEMs are 
increasing the polymerization rate, the local anisotropic diffusion of the acrylate and 
electrolyte components will be compromised. In a typical HP system, the monomers 
undergo anisotropic diffusion to the areas of constructive interference [34]. If the 
polymerization rate is increased, the monomers will not have time to diffuse and the 
grating structure will suffer. This may result in a structure of small droplets because the 
semi-continuous layers do not have time to form. The formation of droplets is supported 
by the slight roll-off that is seen in the UV-Vis spectra at higher loadings. It is also 
supported by the decrease in conductivity in the parallel direction, which may be caused 
by the loss of clear ion transport pathways. Furthermore, the phase separation efficiency 
is expected to decrease due to the increased viscosity and slow monomer diffusion. This 
is supported by the broadening of the UV-Vis peaks with the addition of nanoparticles. 
These combined effects will likely trap the nanoparticles in both the electrolyte and 
acrylate regions and not permit them to partition.  
 Figure 5.26 gives a schematic of the predicted morphology of the hPEMs when 1 and 
5 wt.% nanoparticles are added. In the first image, the addition of nanoparticles changes 
the polymerization kinetics which decreases the size of the electrolyte regions and creates 
crosstalk within the acrylate layer. The light blue regions surrounding the electrolyte 
layers represent phase separation at the interfaces. As more nanoparticles are added, the 
reaction kinetics are faster and the electrolyte layers form smaller droplets that are still 
connected by small channels in the acrylate layer. The amount of phase separation 
increases at higher nanoparticle loadings. The gratings in Figure 5.26 are still present but 
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the quality is diminished. The morphology of the 25 and 35% electrolyte hPEMs is 
expected to exhibit similar behavior with the addition of nanoparticles. The initial effect 
on the 25% electrolyte films will be more drastic because the ion blocking layers will be 
interrupted. However, as more nanoparticles are added, the behavior of the two 
electrolyte loadings will be almost identical. For each loading, the nanoparticles are 
distributed in both of the layers, and some agglomerations are present. 
 
 
Figure 5.25: Predicted morphology for (a) 25% and (b) 35% electrolyte hPEMs without 
nanoparticles 
 
 
Figure 5.26: Predicted change in morphology with the addition of (a) 1 wt.% and (b) 5 wt.% SiO2 
nanoparticles 
(a) (b) 
(a) (b) 
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Chapter 6.  Mechanical Properties of hPEMs with SiO2 
 
6.1 Introduction 
In addition to increasing the conductivity of hPEMs, a main goal of this work was to 
also improve the mechanical properties of the membrane with the incorporation of SiO2 
nanoparticles. The EDS results previously discussed indicate that a fraction of the 
nanoparticles partitioned into the acrylate domain of the hPEMs, which was expected to 
enhance the strength and durability of the membranes. To quantify the effect of the 
nanoparticles on strength, the modulus of the hPEMs was evaluated using tensile testing 
and AFM. 
 
6.2 Tensile Testing 
Tensile testing was performed for reflection gratings with 25 and 35% electrolyte 
and 0, 1 and 5 wt.% SiO2. The general trend observed revealed that the addition of 
nanoparticles had a notable effect on the mechanical properties of the hPEMs. 
Specifically, the Young’s modulus, yield stress, and elongation at fracture all changed in 
a distinct manner depending on the SiO2 loading. The established pattern revealed an 
increase in Young’s modulus and yield stress and a decrease in elongation as more 
nanoparticles were added to the system. These trends can be seen in Figures 6.1 and 6.2, 
which are representative stress-strain curves from hPEMs with 25 and 35% electrolyte, 
respectively.  
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Figure 6.1: Stress-strain curves of 25% electrolyte reflection gratings with various SiO2 loadings  
 
 
Figure 6.2: Stress-strain curves of 35% electrolyte reflection gratings with various SiO2 loadings 
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Both the 25 and 35% electrolyte hPEMs exhibited similar behavior with the addition 
of nanoparticles. Specifically, the nanoparticles improved the modulus of the hPEMs 
which was the desired effect. The shape of the stress-strain curves are typical for 
materials undergoing deformation, where the initial linear region represents the elastic 
regime, followed by non-linear region of plastic deformation, with a defined peak stress 
and elongation before fracture. The peak suggests that the samples were deformed by 
local yielding and necking. The addition of nanoparticles did not change the ductile 
behavior of the hPEMs, but it did impact the final properties. Tables 6.1 and 6.2 
summarize the impact of various SiO2 loadings on the mechanical properties of the 25 
and 35% electrolyte hPEMs, respectively. The Young’s modulus of 25R increased by 16 
and 36% with the addition of 1 and 5 wt.% SiO2. Similarly, the modulus of 35R increased 
by 22 and 49% with the addition of 1 and 5 wt.% nanoparticles. As previously discussed, 
the desired modulus for polymer electrolytes is on the order of 6 GPa to prevent the 
growth of lithium dendrites. Without nanoparticles, the modulus of both the 25 and 35% 
electrolye hPEMs was below that value. The addition of SiO2 increased the modulus of 
25R to above 1 GPa, which would increase the cyclability and lifetime of a battery. 
Figure 6.3 summarizes the impact of SiO2 on the Young’s modulus values of the hPEMs. 
 
 
Table 6.1: Summary of the mechanical properties obtained from stress-strain curves of 25% 
electrolyte reflection gratings with 0, 1, and 5% nanoparticles 
 
SiO2 loading       
(wt. %) 
Young’s modulus 
(MPa) 
Yield stress    
(MPa) 
Elongation at 
break (%) 
0% 868 ± 28 15.5 ± 1.3 8.6% ± 0.9%  
1% 1006 ± 41 18.5 ± 1.1  6.6% ± 0.7%  
5% 1176 ± 39 20.3 ± 0.8 5.2% ± 1.6%  
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Table 6.2: Summary of the mechanical properties obtained from stress-strain curves of 35% 
electrolyte reflection gratings with 0, 1, and 5% nanoparticles 
 
SiO2 loading       
(wt. %) 
Young’s modulus 
(MPa) 
Yield stress    
(MPa) 
Elongation at 
break (%) 
0% 388 ± 34 5.5 ± 0.8 11.3% ± 4.0%  
1% 473 ± 41 8.1 ± 0.6 7.3% ± 1.6% 
5% 577 ± 58 10.3 ± 0.9 5.3% ± 1.7% 
 
 
 
Figure 6.3: Variation of Young’s modulus with SiO2 weight percent. Error bars indicate 95% 
confidence intervals 
 
 
The results obtained for the hPEMs were compared to composite polymer 
electrolytes in literature. Few authors have studied the impact of silica nanoparticles on 
the modulus of polymer electrolytes. Table 6.3 summarizes some of the few studies that 
have been conducted on various electrolyte systems. The first system in the list was the 
only other one to use tensile as the method to measure the mechanical properties of the 
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films. The following three systems utilized rheology and dynamic mechanical analysis 
(DMA) to investigate the films. In these electrolytes, the polymers used included 
poly(urethane acrylate) (PUA) and poly(ethylene glycol) dimethacrylate (PEGdm).  In 
each of the composite polymer electrolytes, the increase in the modulus was considerably 
greater than the changes observed in the hPEMs. This could be due to several factors. 
The structure of the hPEMs is much different than the tradition composite electrolytes. 
The lamellar structure with alternating mechanically strong and weak layers is much 
more susceptible to defects that would decrease the modulus. If the load-bearing layers 
are perforated or interrupted by the soft PEO electrolyte phase, the mechanical integrity 
of the overall films will be noticeably decreased. Therefore, if the addition of 
nanoparticles is disrupting the layer morphology as hypothesized in Chapter 5, the 
strength of the hPEMs will be compromised. However, the overall modulus is still 
increasing, which indicates that the nanoparticles are improving the mechanical 
properties but the true effect is probably not seen due to a simultaneous loss of structure. 
In this case, it is difficult to quantify the impact of the nanoparticles on the strength when 
the morphology is changing and the exact structure-property relationships are unknown.  
Another factor that may impede the improvement of strength is the partitioning and 
behavior of the nanoparticles. Because the exact distribution in the layers is not known, it 
is again difficult to quantify the impact of the nanoparticles since the concentration in the 
acrylate phase is unknown. If it is assumed that half of the SiO2 is in the resin layer, then 
the overall weight percent in the acrylate phase is lower than in the systems outlined in 
Table 6.3. Therefore, if more nanoparticles were added the overall increase may more 
closely match those systems. However, it would not be advantageous to simply add more 
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nanoparticles to the current system because the structure would suffer even more. To 
accurately characterize the impact of the nanoparticles on mechanical properties, the 
procedure must be optimized to maintain the integrity of the layers with the addition of 
nanoparticles and to partition the particles in a controlled manner. 
 
Table 6.3: Impact of SiO2 nanoparticles on various polymer electrolyte systems 
Polymer electrolyte 
components 
SiO2 Particle 
size (nm) 
SiO2 loading 
(wt.%) 
Change in 
Modulus 
Ref. 
25R 15 5 36% increase  
35R 15 5 49% increase  
PVC-PEO-LiCF3SO3 10-30 5 217% increase [80] 
PEGdm-LiTFSI 10 10 400% increase [81] 
PUA-LiTFSI 12 9.1 150% increase [82] 
PEGdm-LiTFSI 12 7.5 300% increase [83] 
 
The moderate increase in modulus in the hPEMs may also be caused by nanoparticle 
agglomerations in the acrylate phase. If the particles are clustered and not uniformly 
dispersed in the matrix, the agglomerations may cause local stress concentrations. If a 
propagating crack encounters an agglomeration, a faster failure may be initiated. 
Furthermore, the mechanical properties will also be reduced if the adhesion quality 
between the fillers and the matrix is poor. Better nanoparticle dispersion will enhance the 
interfacial interactions with the acrylate matrix and increase the load transfer to the SiO2. 
Poor dispersion and the loss of a semi-continuous lamellar structure is likely why the 
enhancement to the modulus is lower than anticipated. 
In addition to the modulus, the yield stress and elongation were also impacted by the 
addition of nanoparticles. Specifically, the yield stress increased a maximum of 31 and 
87% for the 25 and 35% electrolyte hPEMs with 5 wt.% SiO2. Contrastingly, the 
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elongation decreased 40 and 53% for 25R and 35R with 5 wt.% SiO2. The increase in 
tensile strength indicates that the hPEMs become tougher and more resistant to 
deformation. The decrease in elongation indicates that the strength enhancement is at the 
expense of flexibility. The hPEMs become less flexible as more nanoparticles are added. 
This behavior has been observed in other nanocomposite systems [84,85]. The decrease 
in elongation also indicates that the plastic deformation to the polymer matrix is reduced 
because the nanoparticles are causing the material to fail prematurely. Again, this could 
be due to agglomerations or poor interfacial interaction between the nanoparticles and the 
polymer matrix.  
 
6.3 AFM  
AFM was also used to investigate the impact of the nanoparticles on the hPEMs. 
Tensile testing was performed on reflection samples, while AFM was performed on 
transmission samples. DMT modulus maps were obtained for 25 and 35T with 0, 1 and 5 
wt.% SiO2, as shown in Figures 6.4 and 6.5. The structure observed in the modulus maps 
correlates with the results obtained using SEM. The grating structure is still visible in the 
25 and 35T samples with nanoparticles which confirms that the semi-continuous lamellar 
morphology is not completely lost. However, just as with SEM, this technique does not 
provide information regarding perforations in the acrylate matrix that explain the drop in 
anisotropic conductivity ratios.  
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Figure 6.4: DMT modulus maps obtained from AFM for 25% electrolyte transmission samples 
with 0, 1 and 5% SiO2 
 
 
 
 
a b 
c 
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Figure 6.5: DMT modulus maps obtained from AFM for 35% electrolyte transmission samples 
with 0, 1 and 5% SiO2 
 
Although they are similar, there are slight differences between the modulus maps of 
the 25 and 35T samples. Most noticeable is the difference in structure. The 25T samples 
have less electrolyte and thus more high-strength segments that will not deform under the 
AFM tip. These samples appear to have a more well-defined structure. In the samples 
with 35% electrolyte, there is more liquid electrolyte that will move under the pressure of 
a b 
c 
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the tip. When the tip contacts the electrolyte region, it may push the liquid out from under 
it and towards the electrolyte-acrylate interface. This may distort the shape of the layers 
and it could be a reason why the modulus map of the 35T samples appears to show a 
lower quality grating. In both the 25 and 35T samples, the highest quality structure is 
obtained with 1 wt.% SiO2. This loading may provide a balance between the 0 wt.% 
samples that are too soft to give an accurate representation of the structure and the 5 wt.% 
samples that have been distorted by the nanoparticles.  
There is a clear range of color and contrast in each of the modulus maps which 
represents variations in the modulus. Lighter areas have a higher modulus while darker 
areas have a lower modulus. As more nanoparticles are added, the modulus of the light 
and dark areas increases. Furthermore, samples with nanoparticles appear to have 
concentrated light areas with very high modulus values which do not appear in the 
samples without nanoparticles. These light spots are seen clearly in Figure 6.6, which 
shows a magnified area of the modulus map for the 25% electrolyte transmission grating 
with 1 wt.% SiO2. The spots are likely areas of nanoparticle agglomerations in the resin 
phase, however, AFM is not able to resolve individual nanoparticles or the shape of 
agglomerations in the films. The size of the white areas was measured using ImageJ and 
ranges from approximately 10 to 60 nm. This range is comparable to the size of 
individual SiO2 nanoparticles and small agglomerations.  
The effect of the nanoparticles on the DMT modulus was evaluated by obtaining 
linescans across the width of the modulus map. Figure 6.7 shows an example of a typical 
linescan acquired from the hPEMs. The cycles of high and low modulus represent the 
modulation between the alternating layers of soft electrolyte and hard acrylate. The 
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cycles correspond to a layer spacing of approximately 200 nm, which agrees with the 
expected 180 nm grating size. Linescans were obtained for samples without electrolyte to 
establish a baseline for the effect of the nanoparticles on the mechanical properties of the 
acrylate without the added impact of the grating. The 25 and 35T samples with 0, 1, and 5 
wt.% SiO2 were also evaluated. 
 
Figure 6.6: DMT modulus map of 25% electrolyte transmission grating magnified to show 
contrast between high and low modulus areas   
 
 
Figure 6.7: Linescan of the fluctuation of DMT modulus with location in a 25% electrolyte 
transmission grating with 5% SiO2 
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Two methods were used to interpret the linescans and quantify the effect of the 
nanoparticles on the DMT modulus. First, the absolute minimum and maximum peaks 
were recorded, which ideally correspond to the low modulus of the pure electrolyte and 
high modulus of the nanoparticles. Ten linescans were obtained for each modulus map, 
and the ten highest and lowest peaks were recorded from each line for a total of 100 
values. These are tallied in Tables 6.4, 6.5, and 6.6 as the absolute maximum and 
minimum values for samples with 0, 25 and 35% electrolyte, respectively.  
The second method measured every relative maximum and minimum point on the 
linescan to quantify the average effect of the nanoparticles on the acrylate and electrolyte 
regions. Every relative minimum and maximum peak was recorded from ten linescans for 
a total of 2500 values for each modulus map. These numbers are more representative of 
the average effect of the nanoparticles rather than the extreme values from the previous 
method. The relative maximum and minimum values are also tallied in Tables 6.4, 6.5 
and 6.6. The modulus for the hybrid hPEMs was determined using the composite theory 
in Equation 6.1, where the electrolyte modulus was obtained from the minimum values of 
the linescan and the acrylate modulus was obtained from the maximum values. The 
composite modulus values are summarized in Table 6.7. 
 
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝐸𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝑓𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 + (1 − 𝑓)𝐸𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒  (6.1) 
 
The measurements reveal that both the minimum and maximum values of the DMT 
modulus increase with the addition of SiO2. Therefore, the nanoparticles are likely 
partitioned in both the electrolyte and acrylate regions, as previously hypothesized. In the 
25T sample, the relative maximum increased 1 and 5% with the addition of 1 and 5 wt.% 
145 
SiO2. The absolute maximum increased 7 and 24% with 1 and 5 wt.% SiO2. The changes 
were much more substantial in the 35T samples. The relative maximum increased 19 and 
103%, and the absolute maximum increased 77 and 150% with the addition of 1 and 5 
wt.% SiO2. The same trend was observed in the results from the tensile tests. The 
nanoparticles had less of an effect on the modulus of the 25T hPEMs because the samples 
were already strong due to the lower content of electrolyte. In both 25 and 35T, the 
absolute minimum and maximum values increased more than the relative values with the 
addition of nanoparticles. This is expected because the relative values are an average over 
the whole matrix while the absolute maximum values represent areas with higher 
nanoparticle concentrations.  
 
Table 6.4:DMT modulus data obtained from AFM linescans for 0% electrolyte sample with 0, 1, 
and 5% nanoparticles 
 
 0% electrolyte: DMT modulus (GPa) 
 0 wt.% SiO2 1 wt.% SiO2 5 wt.% SiO2 
Absolute max. 11.74 ± 1.10 12.11 ± 0.07 12.24 ± 0.15 
Relative max. 8.33 ± 0.47 8.44 ± 0.07 10.98 ± 0.22 
Absolute min. 3.34 ± 0.30 7.29 ± 0.03 7.91 ± 0.21 
Relative min. 5.25 ± 0.28  7.75 ± 0.06  9.51 ± 0.23 
 
Table 6.5: DMT modulus data obtained from AFM linescans for 25% electrolyte transmission 
gratings with 0, 1, and 5% nanoparticles 
 
 25% electrolyte hPEM: DMT modulus (GPa) 
 0 wt.% SiO2 1 wt.% SiO2 5 wt.% SiO2 
Absolute max. 6.63 ± 0.20 7.11 ± 0.10  8.22 ± 0.61 
Relative max. 5.36 ± 0.33 5.42 ± 0.21 5.61 ± 0.28 
Absolute min. 0.34 ± 0.17 0.98 ± 0.16 0.64 ± 0.07 
Relative min. 2.61 ± 0.46 2.95 ± 0.35 2.62 ± 0.35 
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Table 6.6: DMT modulus data obtained from AFM linescans for 35% electrolyte transmission 
gratings with 0, 1, and 5% nanoparticles 
 
 35% electrolyte hPEM: DMT modulus (GPa) 
 0 wt.% SiO2 1 wt.% SiO2 5 wt.% SiO2 
Absolute max. 2.21 ± 0.14 2.63 ± 0.04 4.48 ± 0.11 
Relative max. 1.19 ± 0.18 2.11 ± 0.11 2.97 ± 0.29 
Absolute min.          0.02 ± 0.01 0.34 ± 0.03 0.21 ± 0.03 
Relative min. 0.21 ± 0.08 1.01 ± 0.15 0.96 ± 0.19 
 
 
Table 6.7: DMT composite modulus results 
 
 DMT composite modulus (GPa) 
 0 wt.% SiO2 1 wt.% SiO2 5 wt.% SiO2 
25T 4.52 ± 0.36 4.76 ± 0.25 4.91 ± 0.30 
35T 0.93 ± 0.18 1.50 ± 0.11 2.03 ± 0.29 
 
 
Trends in the minimum values of the DMT modulus were slightly different. In both 
the 25 and 35T samples, the absolute and relative minimums increased with the addition 
of 1 wt.% SiO2, but then decreased slightly with the addition of 5 wt.% SiO2. However, 
the values of the modulus with 5 wt.% SiO2 is still higher than the modulus without 
nanoparticles. This behavior is attributed to local concentration fluctuations in the 
electrolyte region. The minimum values represent the modulus of the electrolyte phase 
which is more complicated to measure due to local salt concentrations and the behavior 
of the soft polymer under the pressure of the tip. When the tip contacts the electrolyte, the 
PEO, LiTFSI and nanoparticles are all mobile and may be pushed away from the tip. 
Therefore, the tip is not contacting the same composition of materials each time, which 
leads to more variability and fluctuations in the results.  
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6.4 Discussion 
Although both tensile and AFM reveal that the modulus of the hPEMs increases with 
nanoparticles, it is difficult to compare the results from the two techniques. One 
difference is the discrepancy between the modulus values. This error may be caused by 
differences in the testing methods, as tensile is performed in tension while AFM is in 
compression. These two methods measure the material behavior under different 
conditions and the strength of polymers in compression is generally 20-30% greater than 
in tension [86]. This relationship becomes more complicated for nanocomposites because 
the interaction between the filler and the polymer matrix must be considered. If the 
interface between the nanoparticles and the polymer is weaker than the matrix, the 
strength of the composite may be dictated by the filler rather than the matrix. 
Ultimately, the modulus values obtained from the AFM evaluation are higher than 
expected. To date, very few studies have been performed to investigate the accuracy of 
peak force tapping mode in measuring the Young’s modulus of polymers. In a study by 
Young et al., the moduli of twelve different polymers were analyzed using peak force 
tapping mode [87]. Three separate tips were used to compare their accuracy. The 
difference between their test and the current work was that the reference modulus values 
were obtained using nanoindentation which is more closely related to the AFM technique 
than tensile testing. The largest variation between the tips was found to be a difference of 
78%, and the largest variation between the expected and measured modulus was a 
difference of 62%. Although many of the measurements exhibited less error, these results 
show that there is notable variation associated with this technique. The authors also found 
that the peak force tapping mode overestimated the modulus value for softer polymers. 
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They concluded that careful tip calibration is needed to obtain repeatable, comparable 
Young’s modulus values for polymers. Therefore, the difference between the moduli 
obtained from tensile and AFM in this work may be due to tip calibration errors. 
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Chapter 7.  Conclusions and Outlooks 
 
7.1 Conclusions 
 Holographic polymerization was used to assemble 12 nm spherical SiO2 
nanoparticles in reflection and transmission hPEMs with 25 and 35% electrolyte.  
 The effect of the nanoparticles on the conductivity of the hPEMs, as well as the 
pure electrolyte and iPEMs, was evaluated using EIS. The conductivity 
enhancement was greatest for the iPEMs, indicating that a competition arises 
between the resin and the nanoparticles that disrupts the potential around the 
lithium ion and produces more free charge carriers. 
 EIS revealed that the addition of nanoparticles enhanced the conductivity of the 
hPEMs in the parallel and perpendicular directions. The increase in the parallel 
direction was moderate due to nanoparticle agglomerations in the electrolyte 
phase. The conductivity increase in the perpendicular direction was substantial 
due to the loss of ion blocking layers with the addition of nanoparticles. This 
corresponded with a decrease in the anisotropic ratio. 
 The reason for the conductivity enhancement is attributed to Lewis acid-base 
interactions between the nanoparticles and the oxygen atoms in the PEO and 
TFSI
-
. From the VTF fittings, the decrease in activation energy and T0 with the 
addition of nanoparticles indicates that the SiO2 interacts preferentially with the 
oxygen of the PEO chain. The nanoparticle also reduce the fraction of Li
+
TFSI
-
 
contact ion pairs and allow for more free Li
+
 for transport. 
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 UV-Vis, UV diffraction, EIS, and TEM all confirmed that the morphology of the 
hPEMs changed with the addition of nanoparticles. This is due to the 
nanoparticles altering the photopolymerization kinetics. It is believed that the 
nanoparticles increased the polymerization rate and the monomers therefore did 
not have time to diffuse before curing. This altered the phase separation of the 
electrolyte and acrylate layers and did not permit the nanoparticles to partition. 
The resulting structure with the addition of nanoparticles had smaller electrolyte 
regions, increased perforations in the acrylate matrix, and less phase separation.  
 It is likely that the nanoparticles were agglomerated in the prepolymer syrup 
which also prevented them from assembling into the electrolyte phase. The 
agglomerations also hindered the conductivity enhancement. 
 The Nyquist, Bode and phase plots were not affected by the nanoparticles, 
indicating that the behavior of the ions did not change with the addition of SiO2. 
 EDS silicon element maps and FFT image analysis revealed no periodicity in the 
distribution of SiO2, indicating that the location of nanoparticles was close to even 
in the electrolyte and acrylate layers.  
 Tensile tests and AFM confirmed the presence of nanoparticles in the acrylate 
phase due to the enhancement in mechanical properties. The modulus measured 
with each technique improved with the addition of nanoparticles. The moderate 
increase in modulus compared to literature results indicates that the nanoparticles 
were agglomerated in the acrylate layers as well as the electrolyte layers. 
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7.2 Future Outlooks 
To further characterize and optimize the composite hPEM system, there are several 
future directions and experiments that may be explored. The future work can be divided 
into five main concentrations: improve the nanoparticle partitioning ability, further 
increase the ionic conductivity and enhance the mechanical properties, modify the optics 
to investigate additional hPEM structures, and incorporate the hPEMs into a battery to 
evaluate their performance. 
To promote nanoparticle partitioning, the SiO2 could be functionalized with 
molecules that would improve the polymer-nanoparticle interactions and prevent 
agglomerations. Coating the nanoparticles could also promote steric stabilization so that 
the particles are evenly distributed in the layers. By controlling the assembly of the 
nanoparticles in the electrolyte region, the conductivity could be effectively enhanced. 
One possible functionalization would include the use of acid-modified nanoparticles, 
which promote a greater increase in conductivity in amorphous systems due to enhanced 
Lewis acid-base interactions [33].  
Two different types of functionalized nanoparticles could be added to the hPEMs to 
simultaneously dictate partitioning to the electrolyte and acrylate layers to improve both 
the conductivity and the mechanical properties. The goal of increasing the mechanical 
properties of the hPEMs was to reach a modulus near 6 GPa to prevent the growth of 
lithium dendrites in batteries. While the addition of SiO2 increased the modulus of the 
25% electrolyte hPEM to above 1 GPa, the modulus of the 35% electrolyte hPEM was 
still below a practical value. In device applications, hPEMs with higher electrolyte 
content would be chosen due to their increased conductivity, but the tradeoff for this is 
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lower mechanical properties. Therefore, the nanoparticle properties should be optimized 
to increase the modulus of the hPEMs with higher electrolyte loadings. The nanoparticles 
could be functionalized to control their portioning to the acrylate layers and to promote 
crosslinking between the nanoparticles and the resin. The bare SiO2 nanoparticles form 
physical bonds that increase the mechanical strength, but crosslinking the nanoparticles 
would have an even greater impact [88].   
In addition to reflection and transmission gratings, other optical setups could be used 
to create morphologies that are more realistic for use in a battery. Specifically, by altering 
the transmission setup and incorporating an additional beam, a 2D columnar morphology 
could be obtained. A rectangular or square lattice could be obtained with a square 
pyramid prism, or a hexagonal lattice could be formed using a triangular-based prism. 
This would result in confined channels that connect the anode and cathode in a battery 
and would be more realistic for commercial use. Nanoparticles could be added to this 
system using the same methods discussed in this work. 
Finally, the hybrid hPEMs should be incorporated into a battery to determine the 
cyclability using cyclic voltammetry. This would evaluate the electrochemical 
performance of the hPEMs as well as their ability to prevent dendrite growth. Several 
different anode and cathode materials could be used, but it would be simple to begin with 
a lithium metal anode and a graphene-based cathode. The cyclability and charge-
discharge rates should be compared to literature values to quantify the performance of 
these composite hPEMs.  
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